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ABSTRACT 
This study developed a standard thermal conductivity test procedure to test concrete 
specimens and studied factors influencing those specimens. The thermal conductivity of concrete 
is significantly affected by moisture content, type, and percentage of coarse aggregate; this 
finding was confirmed statistically by Analysis of Variance (ANOVA). The study also 
developed a model for predicting the thermal conductivity of concrete that varies with moisture 
content and the coarse aggregate percentage. To understand the effect of supplementary 
cementitious materials (SCMs), this study also measured thermal conductivity of control and 
ternary mixtures. An increase in thermal conductivity percentage due to increase in moisture was 
higher in ternary mixtures, compared to normal concrete mixture. Thermal conductivity of 
ternary mixtures fluctuated with change in their unit weights.  
An Enhanced Integrated Climatic Model (EICM) model was required to analyze the 
effects of the thermal conductivity of concrete on temperature and the moisture profile of 
pavements. An EICM model analysis showed that temperature in the middle layer of concrete 
pavement decreased as thermal conductivity increased, and temperatures remained constant for 
higher thermal conductivity values. A change in thermal conductivity had no effect on top and 
bottom pavement temperatures. Temperature profiles were measured in a concrete block to 
compare the EICM predicted temperature profile in plain cement concrete (PCC) pavements. 
Temperatures inside the concrete block embedded in soil at several depths were higher, 
compared to temperatures predicted by the EICM model. The measured temperatures attain a 
peak hour temperature gradient on the hottest time of the day, but the EICM model did not 
predict the peak hour temperature gradient. 
xii 
Our research performed Mechanistic Empirical Pavement Design Guide (MEPDG) analysis to 
estimate the effect of thermal conductivity on distresses such as cracking, faulting, and the 
international roughness index (IRI). We found that thermal cracking increased with decrease of 
thermal conductivity. We also found that an Integrated Climatic Model (ICM) stability failure 
occurred for a set of thermal conductivity and heat capacity readings in MEPDG analysis. 
Finally, this research found a strong correlation for the thermal conductivity and heat capacity 
values that resulting in ICM stability failure. 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
An American Association of State Highway Officials (AASHO) road test, conducted in 
the late 1950s, analyzed, designed and predicted the performance of pavement structures. The 
AASHO test limitations addressed guidelines for limited climatic zones, new and increased axle 
loads, and usage of empirical designing methods. Yet the road test proved to be insufficient in 
designing pavements at different environmental conditions and material properties.  
The Mechanistic-Empirical Pavement Design Guide (MEPDG) is a new pavement design 
guide, developed to overcome the limitations of the earlier AASHO test in the process of 
improving pavement designing techniques from empirical to mechanistic level. Few of the 
developed areas in the design guide represent thermal properties, climatic data input, or vehicle 
axle load spectra. Thermal properties included in the MEPDG however, are coefficient of 
thermal expansion (CTE), thermal conductivity, and heat capacity, and they estimate temperature 
gradients and thermal stresses. The CTE measures strains that are due to a change in 
temperature; thermal conductivity, on the other hand, indicates temperature flow, while heat 
capacity represents the amount of heat energy stored in the material. The Enhanced Integrated 
Climatic Model (EICM) is a part of MEPDG that requires both the values of thermal 
conductivity and the heat capacity of PCC pavement. EICM is uploaded with hourly data of 
sunshine, temperature, humidity and rainfall data on the pavement in order to estimate moisture 
and temperature gradients. Based on these temperature changes, thermal stresses and strains are 
calculated in MEPDG to estimate a pavement performance over the years. These thermal 
properties should be considered as basic parameters to understand the heat flow in a material; 
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every mixture has unique thermal property values, based on the mix proportions. These thermal 
properties are affected by several factors discussed in this study. The effects of thermal 
conductivity on thermal gradient and a change in thermal conductivity with respect to moisture 
represent a few of the major concerns of this study.   
1.2 Problem Statement 
Thermal properties may be considered as a material property that influences distresses of 
Portland cement concrete (PCC); this research investigated the characteristics of thermal 
conductivity together with the heat capacity of PCC pavements. The thermal conductivity of 
concrete as a thermal property, relates to heat propagation in PCC pavements. An ASTM E1952 
test was recommended by MEPDG for testing the thermal conductivity of concrete. The thermal 
conductivity of concrete showed a having higher value than the measuring capacity of the test 
procedure. Hence, a standard test procedure was required to measure and study thermal 
conductivity and the factors influencing it.  
The thermal conductivity of concrete is necessary for understanding the heat flow in PCC 
pavements. Using EICM software thermal conductivity and heat capacity affects on temperature 
profiles and moisture profiles in PCC pavements must be analyzed. Further, these temperature 
differences due to depth may cause stresses, resulting in a deformation of pavement. Therefore, 
thermal conductivity and heat capacity values should be analyzed using MEPDG in order to 
understand their effects on long-term pavement performances.  
1.3 Objectives 
1. Standardizing the thermal conductivity test and measuring the thermal conductivity of 
concrete. 
3 
2. Studying factors influencing thermal conductivity thereby understanding their effects on 
concrete specimen. 
3. Developing model that predicts thermal conductivity. 
4. Investigating the effects of thermal conductivity on the temperature and moisture profile 
in PCC pavement, using measured thermal conductivity values in EICM. 
5. Understanding the effects of thermal conductivity values on pavement performance, 
using the measured thermal conductivity values of MEPDG. 
1.4 Outline 
The thermal conductivity of concrete and heat capacity were measured, using quickline-
30 equipment. Thermal conductivity was measured together with the heat capacity of specimen 
with different coarse aggregates, percentage of coarse aggregate, water content change and 
ternary mixes. A detailed study on thermal conductivity in addition to understanding its relation 
with these factors was discussed in this study. These trends were investigated for different mix 
proportions; therefore, their behaviors are generalized. A model was developed to predict dry 
thermal conductivity, based on mixture design and change in thermal conductivity in relation to 
the water content change in a specimen. Thermal conductivity of experiment results, as well as 
climatic data, was used as input parameter. Temperature and moisture gradients were generated 
from EICM output results. An experimental procedure to measure temperature and humidity 
profiles in concrete was conducted. Experimental results were compared to EICM output results 
in order to analyze the accuracy of the developed EICM model. Thermal conductivity values 
from experiments were further used in MEPDG in order to estimate the percentage change of 
distresses in pavements. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Mechanistic Empirical Pavement Design Guide (MEPDG)  
MEPDG is a design guide developed by AASHTO.  The main objectives of MEPDG are to 
include climatic models; design reliability; calibration-validation of prediction models for levels 
1, 2, and 3 inputs; conduct an additional sensitivity study; and improve accuracy of long term 
pavement performance (LTPP) database for the calibration-validation of distress/smoothness 
models. MEPDG consists of three stages of evaluation, analysis, and strategy selection. 
Foundation analysis, pavement material characterization, climatic models, and traffic inputs are 
the key issues in the evaluation stage. EICM is a climatic model that predicts temperature and 
water content over the design layer, using hourly climatic data from weather stations. MEPDG 
considers three hierarchical levels of design input. Level 1 has high accuracy and low uncertainty 
error and requires laboratory/field testing results. Level 2 consists of intermediate accuracy, and 
it is used when resources or testing equipment are not available. Level 3 has the lowest accuracy, 
and it requires either user-selected values or typical averages of a region. Pavement material 
characterizations with EICM consist in thermal properties as one among material properties 
specified. Thermal properties in PCC pavement materials affect the performance and durability 
of the pavement by impacting cracking, joint faulting, and roughness [1, 2 & 3]. MEPDG is 
considered to be the first design guide to consider thermal properties and their effects on the 
serviceability of the pavements.  The findings show that MEPDG, based on the National 
Cooperative Highway Research Program (NCHPT) project 1-37A [1, 3] 
(http://www.trb.org/mepdg/), has directly incorporated CTE, thermal conductivity, and the heat 
capacity of PCC pavements as major input parameters. Among the various thermal properties, 
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thermal conductivity is one of the most important input parameters in heat transfer modeling. 
MEPDG recommends ASTM 1952 to test concrete thermal conductivity for levels 1 and 2 and 
recommends a range of 1.0-1.5 Btu/(ft)(hr)(°F), with a typical value of 1.25 Btu/(ft)(hr)(°F) for 
level 3.  
2.2 Thermal Conductivity 
2.2.1 Thermal Conductivity (K)  
The ratio of heat flux to temperature gradient is known as thermal conductivity. The ratio 
indicates the uniform flow of heat in a specified sample thickness from one side to the other. 
Concrete is a heterogeneous and porous solid material, making the heat transfer in concrete 
similar to metals. Heat propagation within a solid material or due to the contact of solid objects is 
known as conduction. Heat propagation in concrete represents a conduction method. The 
moisture and temperature of local environment, aggregate type, percent of cement paste, coarse 
aggregate, and fine aggregate, porosity and admixture are a few influencing factors that affect 
thermal conductivity of concrete [4, 5, 6 & 7]. K   = Thermal conductivity of material 
ΔQ = Change in heat energy between two points 
x    = Distance between two points 
Δt  = Heat flow for given change in time. 
A   = Area of object in which heat flow is measured 
ΔT = Change in temperature that produced change in heat flow 
 shows the typical conversion values of thermal conductivity and heat capacity from S.I. units to 
English units. Thermal conductivity was generally measured from the formula:  
                                 2.1 
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K   = Thermal conductivity of material 
ΔQ = Change in heat energy between two points 
x    = Distance between two points 
Δt  = Heat flow for given change in time. 
A   = Area of object in which heat flow is measured 
ΔT = Change in temperature that produced change in heat flow 
Table 2-1: Conversion of S.I Unit into English Unit 
Parameters S.I Unit Conversion Factor English Unit 
Thermal Conductivity 1W/m-K 0.5779 Btu/ft-h-
o
F 
Heat Capacity 1 J/m
3
-K 1.49 X 10
-5
 Btu/ft
3
-
o
F 
2.2.2 Methods for Determining Thermal Conductivity: 
2.2.2.1 Axial Flow Methods 
Axial flow methods are long established methods of choice at cryogenic temperatures. 
Measurement depends mainly on the reduction of radial heat losses in the axial heat flow 
developed through the specimen from the electrical heater mounted at one end (the power 
dissipation of this heater is used in calculating the column heat flux). These losses are minimal at 
low temperatures, since the specimen temperature moves above room temperature, making 
control of heat losses more and more difficult. Thus, important experimental parameters, such as 
the ratio of effective specimen conductance to lateral insulation conductance (the higher the 
better) and to the quality of guarding (i.e. the match of the axial gradient in the specimen to that 
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of the surrounding insulation) rise from room temperature to near high temperatures. In practice, 
cylindrical symmetry heat transfer is used [8]. 
2.2.2.2 Guarded Hot Plate Method (ASTM C 177 Test Method) 
The guarded hot plate method is widely used for measuring the thermal conductivity of 
insulations. Although the specimens are often rather large, this usually presents no difficulty. A 
flat, electrically heated metering section surrounded on all lateral sides by a guard heater section, 
controlled through differential thermocouples, supplies the planar heat source which is 
introduced over the hot face of the specimens. The most common measurement configuration is 
the conventional, symmetrically-arranged guarded hot plate, where the heater assembly is 
sandwiched between two specimens. In the single-sided configuration, the heat flow passes 
through one specimen as the back of the main heater acts as a guard plane thus creating an 
adiabatic environment [9]. 
2.2.2.3 Hot Wire Method (ASTM C1113 Test Method) 
Hot wire methods are most commonly used to measure the thermal conductivity of 
“refractories”, such as insulating bricks and powder or fibrous materials. It is basically a transient 
radial flow technique; isotropic specimens are required. This technique has been used in a more 
limited way to measure properties of liquids and plastics materials of relatively low thermal 
conductivity. 
Relatively recent modification of this long-established technique is the “probe” method. 
This configuration is particularly practical, where the specimen conductivity is determined from 
the response of a “hypodermic needle” probe, inserted in the test specimen. Thus, the method is 
conveniently applied to low-conductivity materials in powder or other semi-rigid form. A probe 
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device can be used to measure the thermal properties of soils in situ, but most commonly, a 
closely controlled furnace is used to contain the sample and produce the base temperatures for 
the tests. The probe contains a heater, with a thermocouple attached to it. When a certain amount 
of current is passed through the heater for a short period of time, the temperature history of the 
heater’s surface will take on a characteristic form. In the initial phase, the temperature will 
rapidly rise, and as the heat increases, the rate of rise becomes constant. When the thermal front 
reaches the outer boundary of the sample, the rise will slow down or stop altogether, due to 
losses into the environment [10]. 
2.2.2.4 Guarded Heat Flow Meter Method (ASTM E1530) 
The guarded heat flow meter method is a measurement of thermal conductivity, as 
defined by to the ASTM E1530 guarded heat flow meter method. In this equipment, a small 
sample of the material to be tested is held under a compressive load between two polished metal 
surfaces, each controlled at a different temperature. The lower surface is part of a calibrated heat 
flux transducer. As heat flows from the upper surface through the sample to the lower surface, an 
axial temperature gradient is established in the stack. By measuring the temperature difference 
across the sample, together with the output from the heat flux transducer, the thermal 
conductivity of the sample may be determined when the thickness is known. A guard furnace 
surrounds the test stack to reduce the effect of heat transfer across the edges of the sample, which 
would cause an error in the measurement. The tests are conducted at room temperature only, and 
therefore do not require a guard furnace [11]. 
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2.2.2.5 Thermal Properties Analyzer 
The thermal properties analyzer (TPA) is a portable device for direct measurement of the 
thermo physical properties for a wide range of materials. The device is equipped with various 
types of optional probes: needle probes for porous, fibrous or soft materials, and surface probes 
for hard materials. The TPA applies a dynamic measurement method which reduces the time of 
thermal conductivity measurements to 10-16 minutes. A built-in menu system on a four-line 
alphanumeric display enables effective interactive communication with the device and 
recalibration of measurement probes by means of reference materials. In addition calibration data 
in internal memory ensure interchangeability of probes without affecting the measurement 
accuracy. Measurement data may be stored into the internal memory. The content of the memory 
is accessible through the display [8]. 
2.2.2.6 Transient Heat Line Method 
The transient heat line method, as a line source of heat, is located at the center of the 
specimen to be tested. The idea behind the transient method is to determine thermal conductivity, 
using a rate of temperature change in response to an applied heat source. The apparatus is at a 
constant initial temperature. During the course of the measurement, a known amount of heat 
produced by the line-source, results in a heat wave which propagates radially into the specimen. 
The rate of heat propagation is related to the thermal diffusivity of the polymer. The temperature 
rise of the line-source varies linearly with the logarithm of time. This relationship can be used 
directly to calculate the thermal conductivity of the sample. The line-source of heat may be 
achieved in a number of ways [8]. 
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2.3 Heat Capacity  
Heat capacity (Cρ) is defined as the ability of a given volume of a substance to store 
internal energy while undergoing a given temperature change, but without a phase change. The 
amount of heat energy stored in a substance represents the heat capacity referring to the amount 
of heat energy stored in a substance; the heat energy depends mostly upon mass and 
characteristic of material. Although fine aggregate have a thermal conductivity value identical to 
coarse aggregate, the heat storage is low due to mass and size; in addition, fine aggregate tend to 
have a low heat capacity, when compared to coarse aggregate. A specific heat value of a 
substance may be converted into the volume heat capacity (VHC) by multiplying the specific 
heat by the density of the substance. It depends on the water content, porosity and temperature of 
concrete [12]. 
2.4 Effect of Moisture on Thermal Properties 
As moisture content varies in concrete, a coefficient of thermal expansion and thermal 
conductivity also changes respectively [13]. According to Rachel Becker and Amnon Katz, the 
moisture moves from the heated side toward the cooler side, when the specimen is tightly packed 
and heated; the study finds that the thermal conductivity of cooler side is greater than the drier 
side, while resistance to the heat flow is greater in the cooler side [14]. Distribution depends on 
several parameters, such as permeability, voids and cracks present in the concrete, and also upon 
the climatic conditions and humidity present in the atmosphere. A prediction of moisture content 
throughout the depth of concrete specimens is important. The thermal conductivity of water is 25 
times higher, compared to air, which allows concrete to have more thermal conductivity in a 
saturated than in a dry state [15, 16 and 17]. Steiger and Hurd (1978) noted that the unit weight 
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of concrete increases by 1% due to water absorption; additionally, the thermal conductivity of 
these specimens increases by 5% [18].  
According to Donald J. Jansen (1996) moisture content in concrete is found to be non-
uniform from top to bottom in a pavement; in this study, a concrete specimen is installed with 
moisture measuring devices (sensors) throughout the thickness profile of specimen at known 
intervals, and moisture readings are constantly noted. The study found that distribution of 
moisture is non-linear from the top surface to the bottom surface; for the top two inches moisture 
increases rapidly and then gradually increases from that point to bottom surface. The usual 
moisture content in concrete is 70-80% whereas below two inches from the surface, the moisture 
content remains around 80-90% and is even 100% at times [19].  
2.4.1 Moisture Measurement Methods  
Moisture has become an important parameter to predict the thermal properties, because of 
its adverse affects on pavement. This study sought to find the moisture gradient or moisture in 
concrete, in order to accurately study the change in thermal conductivity as a result of a change 
in moisture by using non-destructive testing: 
2.4.2 Ultrasonic Pulse Velocity Method  
J.S. Popovics et al (1998) described a “one sided stress wave velocity measurement in 
concrete”, in regard to the methods of determining wave velocities accurately by various waves 
that moved in multiple directions, such as transverse, longitudinal, through thickness or depth 
[20]. By combining this method with the concept of radar surface waves and a spectral analysis 
of surface waves (SASW) probe the surface velocities can be calculated. From the method of 
fitting, the average moisture content is estimated, while the difference in wave velocities of 
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fitting and through-thickness show differences in moisture at the surface. The moisture 
distribution is estimated at surface levels by a borrowed concept of SASW, in which surface 
wave velocities are calculated by varying the probe and transducer distances through sides. 
2.4.3 Ground Penetrating Radar (GPR)  
Ground Penetrating Radar (GPR) is an electrical, non-destructive method designed for 
finding the in-situ soil properties as well as an imaging technique. The Wide Angle Reflection 
Refraction (WARR) technique was used to determine the dynamic profiles of the concrete slabs. 
Using the SASW radar principle, the Electro-Magnetic energy is transmitted into the surface of 
the material, and the information retrieved from the surface waves is processed in time domain 
and then converted into frequency domain, using Fourier transforms. Using the nversion radar 
principle, forward modeling and optimization mean square errors are used to refine the reflection 
coefficient data available from the tests. These optimized reflection data are collected and di-
electric constant of the specimen through the thickness of the concrete profile is carried out. 
Depending upon the di-electric constants the moisture content is estimated. [21] 
2.4.4 Multi-ring Electrode  
Concrete acts as an insulator or conductor. The electrolytic resistivity of concrete 
depends upon the chemical composition pore solution, moisture, and temperature. When an 
electric field passes through a concrete specimen, the cations and anions separate and accumulate 
at the respective electrodes. As a result, multi-ring electrodes determine the electrical resistivity 
at every ring based on the density of ions through the use of non-destructive testing, used for past 
10 years by the Institute for Building Materials (IBAC) [22]. Multi-channel ring electrodes are 
attached to a microcontroller, using an analog converter, digital converter and low pass filter. 
13 
Then fixed magnitude voltage is maintained to pass a constant current through the electrodes. As 
a result, the potential is amplified and a signal sent to separate data into real and imaginary 
components of impedance; the components data are then displayed after several mathematical 
calculations by means of the C-program. The moisture is linearly related to the electrical 
impedance of material [23]. 
2.4.5 Nuclear Magnetic Resonance (NMR)  
The Nuclear Magnetic Resonance (NMR) is a magnetic resonance imaging technique that 
combines both physical and chemical data mixes with the spatial resolution. NMR, using the 
hydrogen nucleus, detects the moisture present in it. The one-sided access (OSA) of the 
instrument, together with the portable size of the instrument, helps to find the moisture 
percentage in construction and architectural works. A nuclear magnetic signal is transmitted into 
concrete specimens. This detects the percentage of hydrogen ions in the concrete. The water 
content is measured through the depth of concrete based on the amplitude of the signal. The 
percentage of moisture is measured by the concentration of the hydrogen ions [24]. 
2.5 Effect of Aggregates  
As the unit weight, texture, size, and type of aggregate change, the thermal conductivity 
of concrete also changes. Kim et al. (2002) explained that thermal conductivity of concrete is 
affected by aggregates, sand-aggregate ratio, and percentage of coarse aggregates. However, 
Kim et al. did not specify whether different aggregate types also affect the thermal conductivity 
of concrete. As the coarse aggregate type varies in concrete, the thermal conductivity of concrete 
also varies, in the body of knowledge from experiments [5 & 12]. Table 2-2 shws several typical 
thermal conductivity and heat capacity values. 
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Table 2-2: Thermal Properties of Concrete Constituents 
 
 
Kim et al. (2003) worked on seven parameters that affected thermal conductivity of 
concrete and explicitly explained the effect of an individual parameter, concluding that aggregate 
fraction and moisture mainly effect thermal conductivity of concrete. Seven factors mentioned 
are age, amount of cement, admixtures, aggregate volume fraction (AG), water-cement ratio 
(W/C), relative humidity (Rh), temperature (T), and fine aggregate fraction (S/A); among these 
age, amount of cement, and admixtures exhibited a low change in thermal conductivity. The 
model of kim et al. was  
                                      
 
 
                              
0.0036SA                                    1.1 
Material Type 
Thermal Conductivity 
(Btu/ft∙h∙˚F) 
Heat Capacity 
(Btu/lb∙˚F) 
Aggregate 
Granite 1.8 0.19 
Limestone 1.8 - 
Sandstone 2.3 - 
Quartzite 2.5 - 
Cement paste 
w/c=0.4 0.75 - 
w/c=0.5 0.7 - 
w/c=0.6 0.6 0.38 
Concrete 0.9-2.0 0.2-0.28 
Water 0.3 1 
Air 0.02 0.25 
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2.6 Effect of Age, Admixture, Cement Paste and Porosity  
Thermal conductivity also changes due to cement, admixtures and porosity. Kim et al. 
(2003) specified that age has no significant effect on the thermal conductivity of concrete, but 
pavement performance deteriorates as years pass. As porosity in concrete increases, the moisture 
amounts that can be accumulated in concrete become higher, and hence increase the thermal 
conductivity of concrete. As the porosity of concrete increases, the density and solid conductivity 
of concrete decreases; in turn this decreases thermal conductivity. A model has been predicted 
for porous materials by Bhattacharjee and Krishna Moorthy (2004) on study of the porosity 
effects of several materials [25 & 26]. Admixtures decrease the thermal conductivity of concrete 
because Supplementary Cementitious Materials (SCMs) such as fly ash, slag, and silica fume 
show a low density, when compared to actual cement density. As the density of a concrete 
specimen decreases, the thermal conductivity of concrete decreases as well.  Habib Uysal et. al. 
(2004) found that as density fluctuation occurs, thermal conductivity fluctuation also occurs [27]. 
Conditionally, Demirboga et al. (2003) found in their study that change in the thermal 
conductivity of concrete is more influenced by fly ash than silica fume [28]. 
2.7 Enhanced Integrated Climatic Model (EICM) 
MEPDG explains that dry thermal conductivity values are used as input parameters for 
EICM, a type of software embedded into MEPDG for analyzing the temperature and moisture 
profiles of concrete pavements. EICM is a climatic modeling program, designed to simulate for 
several years the climatic effects of behavioral change of one-dimensional coupled heat and 
moisture profiles. In 1989 EICM, first referred to as Integrated Climatic Model (ICM), was 
developed in Texas A & M University for Federal Highway Administration. In later stages, the 
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ICM model was developed by Larsen and Dempsey as ICM 2.0 in 1997. Additional 
improvements were made to predict moisture profiles in ICM 2.0; this version, ICM 2.1, is 
equipped to be a design guide. Further, MEPDG 0.9 was upgraded to 1.0 with additional 
changes, and ICM 2.1 has a newer version in 2.6. The EICM program for this research is EICM 
3.4, developed by Gregg Larsen et al; in ARA research laboratories [2 & 3]. 
ICM consists of three major components: the Climatic-Material-Structural model (CMS), 
the Cold Regions Research and Engineering Laboratories (CRREL) model for frost and thaw 
penetration, and the Infiltration and Drainage (ID) model. EICM generates a probabilistic linear 
gradient temperature profile file from the non-linear temperature gradient made available 
through data. EICM also generates an average relative humidity data for climatic changes 
throughout the year. Several input parameters considered by EICM are pavement properties, 
material properties, local environment data, optimum moisture content, material properties of 
unbound layers and gradation, GWT (ground water table) etc., and hourly climatic data such as  
temperature, precipitation, sunshine and wind speed etc. These data are collected from the 
databases of weather stations. EICM considers the dry thermal conductivity range for PCC 
pavements to be from 0.47-0.67 BTU/hr-ft-˚F, which is very low [2 & 3]. 
The prediction process is done in four stages by inputting several parameters at different 
stages, thus improving the accuracy of prediction. The non-equilibrium temperature is converted 
into linear temperature gradient that estimates the pavement heat transferring ability and 
moisture present for an average of a month yearly, using thermal properties as one of the input 
parameters. Level 1 and level 2 are levels at which detailed, hierarchical, input information of 
materials is used to estimate accurate moisture levels; but thermal conductivity and heat capacity 
values taken for prediction of temperature and moisture are constant values or default values. 
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Not only do these default values not change from mixture to mixture, but also the model fails to 
predict moisture change accurately for thermal properties such as CTE, thermal conductivity, and 
heat capacity. 
The CMS model is a finite heat transferred model developed at the University of Illinois. 
This model uses convection, radiation, conduction, and latent heat processes to explain the heat 
flow in pavements. This model will predict the temperature profiles of pavements from the 
following input parameters given: heat capacity of pavement materials, thermal conductivity of 
pavement materials, air temperature, pavement surface absorptivity and emissivity, wind speed, 
and incoming solar radiation. The CRREL model will predict the moisture flow in the subgrade 
soil as well as the frost and thaw penetration of layers. Using the output of the CMS model, the 
CRREL model also predicts the soil temperature profile and frost and thaw penetration. 
One objective of this research is to verify the temperature and moisture variation for 
change in thermal properties and different cement mixtures in pavement systems, using the 
EICM. This section gives a brief description of the theoretical considerations for heat and 
moisture flow in surface, base, and sub-base layers of the pavement systems in EICM. However 
the CRREL model in the EICM requires input parameters for the modeling of heat and moisture 
flow [2 & 3]. 
Heat and moisture flow are interdependent characteristics of the pavement that are solved 
in a stepwise manner, by recalculating the required parameters. In other words, the method 
requires an infinite loop of two equations, which attempts to stabilize with the same set of 
solutions. These equations explain that the moisture and temperature are non-linear in pavement 
systems. Thermal conductivity and volumetric heat capacity of the soil are two parameters that 
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are dependent on the volumetric water content, which continually changes throughout the depth 
of the pavement system, including base and sub-base layers [28 & 29]. 
When a pavement is exposed to sunlight, the heat energy absorbed is transferred into 
bottom layers of the pavement, which then is stored and further transferred into bottom layers. 
This heat energy is received from incoming and reflected short wave radiation, as well as 
incoming and outgoing long wave radiation. An empirical equation is used to determine the net 
radiation flux through the pavement surface that is dependent on the short wave absorptivity of 
the pavement surface. The extra absorptivity is an input parameter that depends on the type of 
pavement. Radiation depends on the latitude and longitude of the site and solar declination of the 
sun, which is dependent on the time of year and the influence of cloud cover. The cloud cover 
affects the radiation that is reflected back to the earth which, in turn, accounts for the percentage 
of sunshine, a required input. The net long-wave radiation, however, is dependent on the 
pavement surface, air temperatures, and the cloud cover (accounted for by the percentage of 
sunshine), and the emissivity of the pavement which is approximated by different pavement 
types. An empirical equation is used to compute the convective heat transfer at the pavement 
surface, in relation to the surface and air temperatures and the average daily wind velocity, a 
required input. Other required parameters for the pavement material include the thermal 
conductivity and the volumetric heat capacity, which affect heat convection and heat storage, 
respectively.  
The properties required for the calculations are thermal conductivity and volumetric heat 
capacity. The thermal properties of a volume of soil consisting of minerals, water, and ice are 
computed, using the respective volumetric contents of the components and their thermal 
properties. Heat is also transferred during moisture evaporation, condensation, and sublimation. 
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The convective heat transport and heat stored in the subsurface are accounted for soil minerals 
and water by considering parameters such as permeability function, which is approximated by 
the use of equations, dependent on the following soil index properties: D60; % Passing #200 
Sieves; and Plasticity Index. The EICM provides default values for both saturated volumetric 
water content and saturated permeability, or the user may specify values. Finally, the EICM 
predicts volumetric moisture content profiles, using the SWCC and permeability functions. The 
effects of a variance of the parameters used in the equations are not known. The approach of this 
study developing the calibrated models was to vary the values of saturated volumetric water 
content (equal to porosity) and saturated permeability [28 & 29]. 
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CHAPTER 3 METHODOLOGY 
This chapter discusses the procedure of tests, equipments used, concrete mixture design, 
MEPDG and EICM models, input parameters, and the analyses. This chapter was divided into 
five sections. The first section discusses the equipment and procedure for obtaining the thermal 
conductivity of specimens. The second section describes the details of various concrete mixture 
designs and compressive strengths. The third section explains the experimental procedure for 
determining thermal conductivity and changing the moisture conditions of specimens. The 
calibration of the thermal conductivity specimen and equipment was also discussed in this 
section. The fourth and fifth sections show the input parameters used in MEPDG and EICM, and 
explain the procedure to run the software.  
3.1 Testing Equipment  
MEPDG recommendations to measure thermal conductivity of concrete, according to 
ASTM 1952, were as follows: The thermal conductivity measurement range of the calorimeter of 
ASTM 1952 was 0.1 to 1.0W/m.K (0.05779-0.5779Btu/ft∙h∙˚F). However, it was observed that 
the concrete had a thermal conductivity range of 3.5W/m.K (2.02Btu/ft∙h∙˚F) from preliminary 
study [31]. Hence, quickline-30 was used for better readings of thermal conductivity. Quickline-
30 equipment uses the standard ASTM D 5930-9701 method for finding thermal conductivity of 
plastics by means of a transient line-source technique, as well as ASTM D 5334-00 standard test 
method for a determination of the thermal conductivity of soil and soft rock by a thermal needle 
probe procedure. The Quickline-30 device, shown in Figure 3-1 is a production of Anter 
Corporation, Pittsburgh, PA, USA. It consists of multi-functional equipment used for measuring 
surface temperatures, thermal conductivity, heat capacity, and thermal diffusivity. Being 
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transient in nature, this method takes only a few minutes, in contrast to earlier methods involving 
steady-state conditions. Due to the portability of the equipment, an experiment may be conducted 
at any place and time. The measurement range of thermal conductivity is 0.08–6 W/m-K (0.46-
3.47 Btu/ft∙h∙˚F). The measurement precision is ± 10% of reading value. The reproducibility is ± 
3% of reading value + 0.001 W/m-K. The measurement temperature is -40 to 400 ºC, while the 
measuring time is typically 16–20 minutes. 
The surface temperature of the specimen is measured by the probe, with a heat line slope 
estimated, based on the amount of time taken to heat the specimen. The logarithmic differential 
of temperature and time taken to propagate the heat line into the surface of specimen represents 
the slope of the transient heat line. Finally based on this procedure, the thermal conductivity of 
the specimen is measured by the transient heat line source.  
 
Figure 3-1: Experimental Set-up of Quicline-30 
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Figure 3-2: Flow Chart of Work Plan 
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3.2 Concrete Mixture Design 
3.2.1 Mixtures with Different Aggregates 
To study the effects of different parameters on thermal properties, five different mixtures 
were designed as shown in Table 3-1. Three mixtures had different coarse aggregates: Kentucky 
limestone (limestone from the Three Rivers rock quarry in Kentucky), river gravel (TXI, Dennis 
Mills), and Mexican limestone (limestone from Tampico, Mexico). Two additional mixtures with 
Kentucky limestone were fabricated to verify the proportion of coarse aggregate effect on 
thermal properties. The mixtures were named with both coarse aggregate and the water cement 
ratio. For example, K65 (0.451) means that the concrete mixture with 65% of Kentucky 
limestone is composed of coarse aggregate and 0.451 of the water/cement ratio. Siliceous sand 
(TXI, Dennis Mills) was used as a fine aggregate for all of the mixtures. The same amount of 
type II Portland cement (Holcim) was used in all blends. Daravair 1440 and WRDA 35 were 
used as admixtures to provide desirable air content and workability. Fresh concrete properties 
were measured according to ASTM standards and are provided in Table 3-1. Hardened 
mechanical properties of the mixtures at 28 days were presented in Table 3-2. 
3.2.2 Mixtures with SCM’s 
Concrete mixtures made of 100% ordinary Portland cement (OPC), or normal concrete 
and a single admixture, are known as control mixtures. Concrete mixtures containing two or 
more SCM’s are known as ternary mixtures. A normal concrete or OPC mixture was notated as 
TI(100) where TI represents Type 1 cement and superscript represents the percentage of 
component in cement paste. Class C fly ash (C), class F fly ash (F), grade 100 slag (G
100
S), and 
grade 120 slag (G
120
S) were the admixtures used for casting concrete specimen.   
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Table 3-1: Concrete Mixture Designs with Different Aggregates 
(K: Kentucky limestone; G: Gravel; M: Mexican limestone) 
Table 3-2: Mechanical Properties of Concrete Mixture 
Mechanical 
Properties 
K65(0.451) K20(0.547) K80(0.451) G65(0.451) M65(0.451) 
Compressive 
Strength (psi) 
7,408 2,797 4,648 4,900 5,935 
Modulus of 
Elasticity (ksi) 
6,466 3,050 5,016 5,083 4,550 
Poisson's ratio 0.26 0.19 0.24 0.14 0.26 
Table 3-3 shows different control mixtures that casted for testing thermal conductivity 
and heat capacity. Table 3-4 represents the different ternary mixtures used for testing the thermal 
Mixtures Unit 
K65 
(0.451) 
K20 
(0.547) 
K80 
(0.451) 
G65 
(0.451) 
M65 
(0.451) 
Holcim Type II (GP) Portland 
Cement 
lbs/yd³ 475 475 475 475 475 
Sand, A133 TXI Dennis Mills lbs/yd³ 1,171 2,551 637 1,131 1,149 
Kentucky Limestone, AB29 Martin 
Marietta 
lbs/yd³ 2,104 654 2,612 - - 
Gravel, A133 TXI Dennis Mills lbs/yd³ - - - 2,027 - 
Mexican Limestone, AA36 lbs/yd³ - - - - 2,071 
% by volume Fine Aggregate % 36.2 80 20 35.0 35.7 
% by volume Coarse Aggregate % 63.8 20 80 65.0 64.3 
Water lbs/yd³ 214 260 214 214 214 
Water Cement Ratio  0.451 0.547 0.451 0.451 0.451 
Admixture (Daravair 1400) 
Dosage 
(oz/100ct) 
0.50 0.50 0.50 0.50 0.50 
Admixture (WRDA 35) 
Dosage 
(oz/100ct) 
3.50 10.0 2.0 6.40 20.00 
ASTM C 1064 Air Temperature °F 68.5 75.3 70.0 69.0 71.2 
ASTM C 1064 Concrete 
Temperature 
°F 72.0 78.0 70.9 73.5 74.6 
ASTM C 143 Slump inches 0.25 0.0 0.25 1.50 1.25 
ASTM C 231 Pressure Air Content % 7.00 3.50 3.60 6.30 4.00 
ASTM C 138 Unit Weight lbs/ft³ 144.4 143.2 148.8 140.0 149.2 
Specific gravity - 2.69 2.69 2.69 2.53 2.62 
Water absorption % 1.0 1.0 1.0 2.2 3.5 
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conductivity of concrete. All these mixtures had the same coarse aggregate (60%) and fine 
aggregate (40%) proportions and a water-cement ratio of (0.45). Cement paste proportions were 
varied, based on the nomenclature of the specimen described. The thermal conductivity of SCMs 
and their significance was studied by using few preliminary specimens. Mix designs of different 
SCMs were selected as preliminary samples, such as class C fly ash, class F fly ash, slag, and 
silica fume. A thermal conductivity change with respect to moisture change is also tested on 
these SCM specimens. Table 3-5 contains mechanical properties of ternary mixtures. 
Table 3-3: Control Mixtures Showing Percentage of SCM 
Samples 
Type 1 
PCC (%) 
Class C 
fly ash 
Class F 
fly ash 
Slag  
(G
100
S) 
Slag 
(G
120
S) 
TI(100) 100 - - - - 
TI(80)-C(20) 80 20 - - - 
TI(80)-F(20) 80 - 20 - - 
TI(50)-G
100
S(50) 50 - - 50 - 
TI(50)-G
120
S(50) 50 - - - 50 
Table 3-4: Ternary Mixtures Composition Showing Percentage of SCM's 
Samples 
Type 1 
PCC 
(%) 
Class C 
FA 
Class F 
FA 
G100
S 
G120S 
Silica 
fume 
TI(50)-G
100
S(30)-C(20)-
SF(5) 
50 20 - 30 - 5 
TI(30)-G
100
S(30)-C(40) 30 40 - 30 - - 
TI(40)-G
100
S(30)-C(30) 40 30 - 30 - - 
TI(50)-G
100
S(30)-C(20) 50 20 - 30 - - 
TI(30)-G
100
S(50)-C(20) 30 20 - 50 - - 
TI(20)-G
100
S(50)-C(30) 20 30 - 50 - - 
TI(10)-G
100
S(50)-C(40) 10 40 - 50 - - 
TI(50)-G
100
S(30)-F(20) 50 - 20 30 - - 
TI(40)-G
100
S(30)-F(30) 40 - 30 30 - - 
TI(10)-G
100
S(50)-F(40) 10 - 40 50 - - 
TI(20)-G
100
S(50)-F(30) 20 - 30 50 - - 
TI(30)-G
100
S(50)-F(20) 30 - 20 50 - - 
TI(30)-G
100
S(30)-F(40) 30 - 40 30 - - 
TI(50)-G
120
S(30)-C(20) 50 20 - - 30 - 
*PC: Portland cement; FA: fly ash; G
100
S: grade 100 slag; G
120
S: grade 120 slag 
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Table 3-5: Mechanical Properties of Ternary Mixtures 
Mixture 
Compressive 
strength (psi)  
Poisson’s 
ratio 
Elastic 
modulus 
(ksi) 
Slump 
(in) 
Unit 
weight 
(lb/ft
2
) 
Air 
content 
(%) 
TI(100) 5,860 0.225 5,300 2.25 147.4 4.5 
TI(80)-C(20) 4,857 0.23 4,525 5 144 6 
TI(80)-F(20) 4,842 0.20 4,875 5 144 5.8 
TI(50)-G100S(50) 6,785 0.22 5,225 2.5 146.6 4.4 
TI(50)-G120S(50) 6,956 0.19 5,025 2.5 144.2 5.1 
TI(50)-G100S(30)-C(20)-
SF(5) 
8,002 0.24 5,700 3.0 146.6 4.5 
TI(50)-G100S(30)-C(20) 4,832 0.22 4,975 5.0 143.4 5.2 
TI(40)-G100S(30)-C(30) 5,465 0.21 5,025 3.25 144.4 4.7 
TI(30)-G100S(30)-C(40) 4,284 0.20 4,425 6.75 147 4.3 
TI(30)-G100S(50)-C(20) 6,430 0.23 4,975 4.25 146.4 3.5 
TI(20)-G100S(50)-C(30) 5,559 0.20 5,150 3.0 145.6 3.9 
TI(10)-G100S(50)-C(40) 2,716 0.20 4,400 3.5 147 2.7 
TI(50)-G100S(30)-F(20) 6,071 0.22 5,200 2.75 147.6 3.9 
TI(40)-G100S(30)-F(30) 5,508 0.23 4,875 5.25 148.0 3.85 
TI(30)-G100S(30)-F(40) 4,494 0.24 4,775 6.0 147.4 5.8 
TI(30)-G100S(50)-F(20) 5,748 0.23 4,850 0.0 148.8 2.8 
TI(20)-G100S(50)-F(30) 4,796 0.22 5,000 0.5 149.2 2.6 
TI(10)-G100S(50)-F(40) 3,006 0.21 4,500 0.75 147.4 2.8 
TI(50)-G120S(30)-C(20) 8,582 0.23 5,275 1.0 149.2 3.2 
3.2.3 Temperature Measurement 
A twelve inches concrete block of mixture design TI(100) was cast to observe temperature 
gradients and humidity in the concrete. A concrete block cast with five holes located at certain 
depths diagonally, as well as an I-button was placed in all holes as shown in Figure 3-3. An I-
button is a temperature and humidity sensor that measures and records the temperature and 
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humidity in concrete. The size of the sensor was 2 cm diameter.  This sensor was placed in a 
void created during casting and sealed with a rubber stopper in order to prevent any air or water 
from traveling through it; otherwise, the air or water would affect temperature and humidity 
readings. The concrete block is then covered with aluminum foil and wrapped to prevent 
temperature and humidity penetration or losses from the sides. This procedure keeps the block 
intact for two-dimensional heat transfer model, i.e., heat only moves from the top to the bottom, 
thus preventing heat loss from the air. This specimen is then placed into the soil, exposing its top 
surface clearly to the sky. Readings of temperature and humidity were taken for 53 days, using 
an I-button. Figure 3-3 shows the concrete block with rubber stops. First, the I-button was placed 
at a depth of one inch from top surface; then a two and half inch distance was maintained 
between the second to fifth I-buttons; finally one inch was left from the bottom surface of the 
concrete specimen for the last I-button. 
 
Figure 3-3: Concrete Block with I-button 
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3.3 Experimental Procedure 
As mentioned in Section 3.1, Quickline-30 was used to measure thermal conductivity and 
heat capacity. The Quickline-30 probe needs a total contact area of the probe for better results 
and accuracy. A concrete specimen with a rough and undulated surface on both sides must be 
smoothed. The upper portion of the specimen was ground for two - three centimeters, using a 
concrete grinder to even the surface of the concrete specimen. A Quickline-30 surface probe was 
placed over the previously grinded surface area of the specimen, and thermal conductivity 
readings were noted.  
Thermal conductivity of the concrete was also affected by the moisture change; moisture 
propagation in concrete pavement is non-linear, and the surface of concrete pavement shows 60-
70% moisture, then increases non-linearly for a top two inches reaching of 95-100%, as 
mentioned by Jansen et.al (1998) [19]. A measurement of moisture gradient in a concrete 
specimen, using non-destructive methods, has been proposed in literature review sections, but 
more research must be done to implement these procedures. A simple method was chosen in 
order to understand the moisture change in a concrete specimen; concrete cylindrical samples 
were placed in a water-bath to reach a fully-saturated condition. A fully-saturated specimen was 
weighed, and then thermal conductivity readings of that sample were recorded. The specimen 
was placed in a room with 50% moisture, maintained at 23-25
o
C; the specimen gradually lost 
weight, due to an evaporation of water. The weight of the specimen was noted, and then the 
thermal conductivity of different specimens was measured until the specimens showed no loss. 
These specimens were moved into an oven to dry all specimens to an air-dry condition; an oven 
temperature was maintained between 45-50
o
C for a gradual decrease in weight and prevent any 
change in the concrete properties. The percentage change in moisture from a saturated condition 
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to an air-dry condition is known as water content or moisture change. The moisture change was 
measured for every moisture level, with respect to air dry temperature. Thus, thermal 
conductivity readings were measured at different moisture levels in order to understand the 
relation between thermal conductivity and heat capacity with respect to moisture. The moisture 
study varied in all specimens in similar procedures and measured thermal conductivity. Similar 
experiments were conducted at regular moisture intervals for all the specimens of different 
coarse aggregate types, different coarse aggregate proportions, and different admixtures with 
various proportions. Regular moisture intervals were at time periods of 24 hrs.  
3.4 Analysis of Test Results 
The experiments were conducted to understand the effect of type and percentage of 
coarse aggregate, moisture, and admixtures on the thermal conductivity of concrete. Change in 
thermal conductivity, with respect to these factors, was analyzed individually, then correlated.  
3.5 Effects of Specimen Size on Thermal Conductivity and Calibrating Experimental 
Procedure 
The thermal conductivity was measured to find the effect of specimen size. Specimens 
with the same mix proportion, but with three different shapes are chosen (rectangular, cubical, 
and cylindrical). The rectangular specimen has a 6”x5” cross section with a 22” length, as shown 
in Figure 3-4 in which the thermal properties of specimen were measured from three sides, 
including the (a) long side, (b) short side, and (c) bottom side. The cube specimen with an 8” 
length was tested at the (d) bottom and an (e) side and in a cylindrical specimen (4” diameter & 
8” length), (f) bottom surface was chosen, because the top surface was undulated. The top 
surface of the specimen is undulated, compared to the bottom smooth surface, because the upper 
surface is left open during curing, and the finishing process was not enough to fix undulation. 
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The smooth surface showed a higher thermal conductivity, compared to that of the rough surface, 
due to a better surface contact for the probe. Also, the value of thermal conductivity is low due to 
the presence of aggregates in the rough surface and it takes a longer time for thorough heat 
transfer. The manufacturer of the Quickline-30 recommends using smooth surfaces; therefore, all 
the top surface were excluded for measurements. All the measurements were executed three 
times. The averaged values of thermal conductivity and the heat capacity are shown in Figure 3-5 
and Figure 3-6.  
As shown in Figure 3-4, the shape of the specimen has no significant effect on the 
thermal conductivity of concrete, but the thermal conductivity was different for various sides of 
the specimens. The thermal conductivity measured at the bottom of specimens (c), (d), and (f) 
shows a higher value, when compared to the values measured at sides (a), (b), and (e).  The 
higher thermal conductivity at the bottom of the specimen was attributed to accumulation of 
coarse aggregate. Coarse aggregates have a higher thermal conductivity, when compared to 
cement paste because as heat absorption or heat storage is greater in coarse aggregates; this may 
be inferred from readings in Table 2-2. 
To verify this observation, a cylindrical specimen was cut along a longitudinal direction, 
after which thermal properties were measured at the top, middle, and bottom portion of the 
specimen. From the measured readings, the thermal conductivity was high at the bottom of the 
cylindrical specimen and low at the top portion of the cylindrical specimen. From the thermal 
conductivity readings, we can understand the coarse aggregate effect on the thermal conductivity 
of concrete. Coarse aggregates accumulate at the bottom of concrete due to their weight, then 
causing a high thermal conductivity value. Care should be taken in a tamping of the concrete 
during fabrication.  
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Figure 3-4: Specimens with Tested for Thermal Conductivity at Different Sides 
 
Figure 3-5: Thermal Conductivity Readings at Different Sides 
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Figure 3-6: Heat Capacity Readings at Different Sides 
The preliminary tests conducted on concrete specimen show an increase in the thermal 
conductivity of concrete at the bottom of a cylindrical specimen, due to the accumulation of 
aggregate. The concrete specimens had an undulated top surface; therefore, a quickline-30 probe 
requires total contact of the specimen surface in order to measure the thermal conductivity of 
concrete. For a superior contact on the probe and concrete surface, the top surfaces of the 
concrete specimen were ground for 1-2 cm smoothly. Thermal conductivity was tested 
repeatedly on the grinded surface of the concrete specimen, until a similar measured reading was 
observed for a minimum of 2-3 times. The standard deviation of readings was observed to be less 
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for testing concrete specimen thermal conductivity. 
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found. From results, it was observed that variance of concrete specimen were ranged in between 
0.0026 – 0.0087, the variation was significant when compared with mean of the test results. This 
represents the deviation of test results and the accuracy of testing procedure. Table 3-6 Shows 
mean, variance and standard deviation of test results of specimen with same mixture design. 
Detailed test results were submitted in Appendix B, Table B-12 and Table B-13. 
Table 3-6: Standard deviation and variance of replicates of similar mixture 
Parameters TI(50)-G
120
S(50) TI(40)-G
100
S(30)-F(30) 
Mean  2.30 2.29303 
Variance 0.00259 0.00886 
Standard deviation 0.05093 0.09412 
3.6 EICM Analysis  
To predict the temperature gradients and moisture content in the PCC pavement, an 
EICM analysis was used. This section describes the details of input parameters that are required 
to run a pavement model in EICM software. A detailed step-by-step procedure of EICM is 
explained in the appendix.  
The major input parameters required by the EICM are (a) hourly air temperature (F), (b) 
hourly wind speed (mph), (c) hourly sunshine percentage, (d) hourly precipitation (in), (e) hourly 
humidity, and (f) water table of the site in which pavement has to be modeled. It also requires (a) 
thermal conductivity, (b) heat capacity, (c) unit weight, and (d) thickness of the pavement, (e) 
base layers and (f) soil layers. An EICM 3.4 version also requires sieve analysis details of the 
base layer and sub-base layers. Two different models were simulated. First this study used an 
EICM model to predict the temperature gradients and moisture changes for different mixtures to 
find the change in thermal conductivity and heat capacity values. The study also used a second 
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simulation to verify the accuracy of EICM model, by comparing the predicted temperature 
profile with the measured one at LTRC.  
 
Figure 3-7: Flow Chart for First Model of EICM 
3.6.1 First Analysis 
A flow chart of the model work plan was mentioned in Figure 3-7. This pavement model 
consists of the following input data: 
 12” thick PCC pavement with a mix proportion of 100 TI/M65 which has dry thermal 
conductivity (1.262btu/ft∙h∙˚F), heat capacity (0.198btu/lb∙˚F) and a unit weight 
(147.4 lbs/yd
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 This model was developed without base layer to simulate the practical experiment. 
 Temperatures within the concrete specimen at specific depths are measured using an 
I-button.  
 This model was simulated for 53 days. 
 
 
Figure 3-8: Flow Chart for Second EICM Model 
Climatic data  from 
MEPDG climatic database
EICM clibration
EICM prediction
Outputs of thermal 
gradient and moisture
Discussion of results
Thermal properties input 
for different materials
36 
3.6.2 Second Analysis 
A flow chart of the model work plan was mentioned in Figure 3-8. This pavement model 
was simulated, based on the pavement profile in West Feliciana of East Baton Rouge parish. 
Input details are provided below: 
 The model was simulated for five years starting from September 1, 2000. 
 Hourly temperature, wind speed, sunshine and precipitation are collected from an 
ICM file, available in MEPDG website. Data for five years were generated.  
 A 16” thick PCC pavement layer is modeled for various mixture designs, i.e., for 
different thermal conductivity and heat capacity values. 
 A 12” thick soil cement base layer with sieve analysis details were shown in Figure 
3-9. 
 
Figure 3-9: Sieve Analysis of Soil Treated Layer 
 A 6” soil treated sub-base layer, with sieve analysis details shown in Figure 3-10, was 
used. 
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 A 240” A-6 type soil was used.  
 
Figure 3-10: Sieve Analysis of Soil Cement Layer 
3.7 MEPDG Analysis 
To predict the impact of thermal properties on the performance of concrete pavement, an 
MEPDG analysis was conducted. MEPDG provides concrete pavement distresses such as mean 
joint faulting, transverse cracking, and terminal IRI. The thermal properties (CTE, thermal 
conductivity, and heat capacity) and concrete mechanical properties were collected from 
laboratory testing of each mixture. The range of CTE and thermal conductivity were between 5 
and 8 με/°F and between 1.2 and 2 Btu/ft∙h∙˚F, respectively. The heat capacity was kept constant 
on 0.26 Btu/lb∙˚F to prevent ICM stability error. An ICM stability error in MEPDG usually 
occurs when thermal conductivity is set too high or heat capacity is set too low for the top layer 
of pavement. This error can be avoided by modifying the thickness of the pavement slightly, or 
by changing the heat capacity or thermal conductivity. The joint spacing in the Jointed Plain 
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Concrete Pavement (JPCP) was selected to be 20 feet, since this represents a typical value for 
pavement design in Louisiana. The MEPDG requires many inputs to perform a successful JPCP 
design. Subsequently, input data were determined for a JPCP project on US 61, West Feliciana 
Parish, Louisiana. Table 3-7 shows the assumptions made in the MEPDG analysis. 
Table 3-7: Assumptions of Model Parameters 
Key parameters Assumptions 
Design life of pavement 20 years 
Slab thickness of PCC pavement 16 in 
Average annual daily truck traffic (AADTT) 1379 
PCC flexural strength and modulus of elasticity Kentucky limestone and gravel at age 7, 14, 28 
and 90 days 
Transverse joint spacing 20 ft 
PCC CTE 7.14 με/°F 
PCC thermal conductivity 0.998, 1.097, 1.22, 1.341, 1.42 and 1.601 
Btu/ft∙h∙˚F 
PCC Heat capacity Ranging from 0.21-0.30 Btu/ft
3
-
o
F 
Other layers Crushed stone (4 in), soil cement (6 in), cement 
treated 6% (8 in) 
Climate Baton Rouge 
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CHAPTER 4 RESULTS AND DISCUSSION 
4.1 Effect of Aggregate Types on Thermal Conductivity 
Figure 4-1 and Figure 4-2 show thermal conductivity and heat capacity of mixtures made 
of different type of aggregates, i.e. Kentucky limestone (K20, K65, and K80), Gravel (G65), and 
Mexican limestone (M65) in both fully-saturated and air-dry conditions. The thermal 
conductivity and heat capacity of K65, G65, and M65 at saturated conditions were 1.58 
Btu/ft∙h∙˚F and 0.14 Btu/lb∙˚F, 1.92 Btu/ft∙h∙˚F and 0.22 Btu/lb∙˚F, and 1.23 Btu/ft∙h∙˚F and 0.18 
Btu/lb∙˚F; the thermal conductivity and heat capacity of K65, G65, and M65 at air-dry conditions 
were 1.34 Btu/ft∙h∙˚F and 0.15 Btu/lb∙˚F, 1.60 Btu/ft∙h∙˚F and 0.19 Btu/lb∙˚F, and 1.02 Btu/ft∙h∙˚F 
and 0.18 Btu/lb∙˚F, respectively. From Figure 4-1, it can be observed that a mix made of gravel 
had high thermal conductivity value, compared to Mexican limestone and Kentucky limestone; 
thus it can be understood that aggregate’s thermal conductivity plays a major role in the thermal 
conductivity of a mix proportion. From Figure 4-1, Kentucky limestone had two other mixes 
with a different aggregate ratio: K20 and K80. Two extreme ratios were chosen to verify the 
phenomenon of percentage of aggregate affecting thermal conductivity. The K20 mix had a 
higher thermal conductivity, due to high fine aggregate proportion. The fine aggregate had a low 
storage capacity of heat, compared to coarse aggregate that transferred heat faster through the 
concrete mixture, resulting in a high thermal conductivity of mixture. The error in the readings 
was nullified by taking an average of all readings; the error bars in the chart indicated the 
percentage of possible error by equipment by measuring thermal conductivity. Thermal 
conductivity limit of MEPDG was specified to be 1.25 Btu/ft∙h∙˚F, but observed readings are 
higher when compared.  
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Figure 4-1: Thermal Conductivity vs Aggregate Type and Proportion 
 
 
Figure 4-2: Heat Capacity vs Aggregate Type and Proportion 
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4.2 Effect of Admixtures on Thermal Conductivity and Moisture 
The effects of admixtures on the concrete’s thermal conductivity were analyzed by 
testing specimens with a mixture proportion of OPC (TI(100)) mixture with Kentucky limestone 
aggregate. Other two mixtures which contain admixtures of Class C fly ash (C) and Class F fly 
ash (F), with 20% each, respectively made of same limestone aggregate and cement; these 
specimens are notated as TI(80)-C(20) and TI(80)-F(20). Mixture details were described in Section 
3.23 and experimental procedure of these mixtures were described in Section 3.3. Figure 4-3 and 
Figure 4-6 show the change in thermal conductivity and heat capacity of TI(100), TI(80)-C(20) and 
TI(80)-F(20). Figure 4-3 displays a graph showing percentages in thermal conductivity to the 
percentage change in moisture; trend lines in Figure 4-3 indicate a continuous increase in thermal 
conductivity to an increase in moisture. It may be inferred that as moisture increases, the thermal 
conductivity of specimens increase linearly. Figure 4-6 shows a graph between percentages in 
heat capacity to the percentage change in moisture. Heat capacity shows a linear decrease as 
moisture increases in specimens, indicating that heat storage is decreasing as moisture increases 
through the depth in pavement structure. 
 
Figure 4-3: Thermal Conductivity vs Moisture Content for Control Mixture 
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Moisture absorbed by fly ash mixtures was higher, compared to that of an OPC mixture, 
which increased its percentage change in thermal conductivity value by 15%. From Figure 4-5 
based on the trend lines of percentage change in thermal conductivity of specimens TI(50)-
G
100
S(50) and TI(50)-G
120
S(50), the moisture observed by the Grade 120 slag (G
120
S) was lower than 
Grade 100 slag (G
100
S). From all of the four control mixtures, fly ash absorbed more moisture, 
when compared to slag. The Class F fly ash had moisture of about 3.2%, and the change in 
thermal conductivity was 26%. It was observed from results that, for a fully saturated condition, 
i.e. 100% relative humidity, the moisture content in the concrete was about 2.5% - 3.5%. For a 
specimen stabilized in 50% relative humidity, the moisture absorbed was about 1.0% - 1.5%.  
From Figure 4-3 to Figure 4-5, it may be observed that each specimen had an individual 
moisture change, with respect to thermal conductivity change for different cement paste and mix 
proportions. This incurs that concrete pavements have an individual moisture change as mix 
proportion and cement paste change, as well as thermal conductivity and heat propagation. 
Additional graphs and data tables for graphs are produced in Appendix C. 
 
Figure 4-4: Thermal Conductivity vs Moisture Content of Different Aggregates 
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Figure 4-5: Thermal Conductivity vs Moisture Content of Ternary Mixtures 
 
Figure 4-6: Heat Capacity vs Moisture Content 
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4.3 Statistical Analysis Method 
An analysis of variance (ANOVA) was utilized to validate the impact of variables on the 
thermal properties. One-way ANOVA was employed to investigate aggregate types, coarse 
aggregate proportion, and relative humidity. The level of factors was compared of (a) three levels 
(Kentucky limestone, gravel, and Mexican limestone) for aggregate types, (b) three levels (20, 
64, 80% of coarse aggregate volume) for the coarse aggregate proportion, and (c) two levels (air 
dried and saturated condition) for relative humidity. Three replicated samples for coarse 
aggregate proportion, together with duplicated samples for both aggregate types and relative 
humidity were tested, respectively. The required assumptions, such as a) residuals (deviations) 
are normally distributed; b) observations are independent; and c) variances are homogeneous, 
were checked before the analyses. 
Once the null hypothesis is rejected in the results of ANOVA, it implies that at least one 
pair of group means are unequal. In order to determine specifically which of the means are 
different from one another, further analyses with a multiple comparisons procedure were used. 
Tukey’s procedure was conducted as a multiple comparison, since it allows for all possible pair-
wise tests [32]. The Pr-value indicates the probability of error of the statement. If a Pr-value of 
the variable is equal to or less than alpha (α), the variable is regarded as having a significant 
effect on measuring parameters. Alpha is a probability error level and 0.05 was used in the 
analyses. It should be emphasized that a statistical significance does not necessarily imply a 
practical significance, or vice versa. The overall ANOVA results were summarized in Table 4-1. 
From Table 4-1 in Column 3, the probability of error less than 0.05 indicates statistical 
significance. Specimen values were analyzed for different aggregate types, finding that thermal 
conductivity and heat capacity had a significant effect for change in aggregate type. The 
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percentage change in coarse aggregate of mixture design had an effect on thermal conductivity 
and was statistically significant. A statistical analysis was performed for different moisture 
contents, such as saturated and dry conditions; from results, it was verified that the moisture 
content had a significant effect on the thermal conductivity of concrete.  
Table 4-1: Summary of ANOVA Results 
Variables F-value Pr > F Significance 
Aggregate types (K, G, 
M) 
TC 1022.29 < 0.0001 Yes 
HC 87.50 < 0.0001 Yes 
Coarse aggregate 
proportion (20, 65, 80 % 
of KL) 
TC 786.10 < 0.0001 Yes 
HC 1.49 0.2987 No 
Moisture content (air 
dried and saturated 
condition) 
TC 28.80 0.0058 Yes 
HC 1.0 0.3739 No 
 *(K: Kentucky Limestone, G: Gravel, M: Mexican Limestone, TC: Thermal conductivity, HC:    
Heat capacity) 
4.4 Prediction Model of Thermal Conductivity 
A prediction equation of thermal conductivity was developed, since only thermal 
conductivity was statistically significant to all the three factors, such as aggregate type, coarse 
aggregate proportion, and moisture content.  
4.4.1 Aggregate Percentage Effect 
Conductivity ratio is the ratio of the thermal conductivity of two moisture states of the 
same specimen. R1 is the ratio of thermal conductivity at air-dry condition to oven-dry condition, 
and R2 is the ratio of thermal conductivity of a surface-saturated condition to an oven-dry 
condition. This graph shows the pattern of thermal conductivity change at different states of the 
same specimen to percentage change in coarse aggregate. The equation of R1, preferred due to its 
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better correlation factor and specimens at air dry condition are actually placed in a 50% humidity 
room and stabilized for a longer time.  
 
Figure 4-7: Conductivity Ratio vs Volume Fraction 
The equation to predict the thermal conductivity for the change of aggregate percentage 
of Kentucky limestone is  
                                    4.1 
Where           
λd = dry thermal conductivity of respective Kentucky limestone specimen,  
λa = thermal conductivity of specimen at air dry condition and X1= percentage of coarse 
aggregate 
And hence, the equation can be re-written as 
                                          4.2 
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4.4.2 Effect of Moisture Content 
The X-axis in Figure 4-4 represents the percentage change in moisture, referring to the 
air-dry condition and the Y-axis represents the percentage change in thermal conductivity, with 
respect to the moisture change in the specimens. The origin of X-axis indicates that moisture is 
present at the oven dry condition, and the origin of Y-axis indicates that thermal conductivity is 
present at the oven-dry condition. The trendline for Kentucky limestone (K65) represents the 
percentage change in thermal conductivity to percentage change in moisture content is  
 
  
  
                                     4.3 
Where,                and λX = thermal conductivity for X2 change in moisture content.  
And after simplification,  
                                             4.4 
By combining eq 4.2 and 4.4 
Hence we get,  
                                                                4.5 
Table 4-2: Calculation of Dry Thermal Conductivity Values from Mix Design 
Components of 
concrete (1) 
Thermal 
conductivity (2) 
Component 
proportions in 
mix design (3) 
Volume fraction 
of mix design (4) 
(5) = (3)*(4) 
Limestone 2.77 65 14.33 39.68 
Cement Paste 1.25 475 3.24 4.04 
Water 0.5 0.451 1.46 0.73 
Fine aggregate 2 35 7.98 15.95 
Air 0.03 - - - 
 
Limestone 
 
27 60.4 
*Thermal conductivity of limestone calculated from the Table 4-2 = 60.4/27 = 2.24W/m.K (1.29 
Btu/ft∙h∙˚F) 
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The above equation predicts the thermal conductivity of Kentucky limestone of different 
percentage of coarse aggregate compositions for the percentage change in moisture. Figure 4-8 
represents the values calculated from Equation 4.4 for the percentage change in moisture content 
at different stages, as plotted against measured values of the specimens. Similarly, the equations 
may be developed for gravel and Mexican limestone in order to predict thermal conductivity 
with percentage change in coarse aggregate and moisture.  
The thermal conductivity of concrete does not have a significant change in temperature 
below 100°C, and the water content and fine aggregate ratio of most of the pavement designs 
remain similar. Hence, aggregate proportion and moisture are selected which will affect 
pavement performance. Kim et al.(2003) predicted a model for one aggregate and considered 
two humidity conditions, i.e., dried and saturated and Kref refers to thermal conductivity 
measured at AG = 0.70, W/C = 0.4, S/A = 0.4, T = 20°C, and Rh = 1.0. Experiments in this study 
explain that thermal conductivity varies with different coarse aggregates and coarse aggregate 
percentages in a mixture; moisture change at different water contents was calculated for a better 
understanding of water content and thermal conductivity. The model explained in the study also 
used a constant reference value named dry thermal conductivity; this can be calculated, if the 
mix proportion of concrete is known, thus making it much simpler to calculate the thermal 
conductivity of a particular coarse aggregate with any percentage and at different water content 
conditions. 
Figure 4-8 shows the correlation between the measured values of thermal conductivity 
from the model and the experiment values of thermal conductivity. There exists a strong 
correlation between the values, which explains the change in thermal conductivity with respect to 
change in moisture change, aggregate type, and mix proportion of concrete.  
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Figure 4-8: Calculated Readings vs Measured Values of Thermal Conductivity 
A generalized equation to predict thermal conductivity for a percentage change in coarse 
aggregate and moisture content may be developed similar to Equation 4.5. “λd” is the reference 
value of thermal conductivity for different aggregate type and aggregate compositions; these are 
predicted from further tests carried on other specimens.  
                                      4.6 
Where, 
λd = dry thermal conductivity value of a concrete specimen for respective composition and coarse 
aggregate types and A, B, C, and D are constants from graphs. The value of “λd” is calculated 
from the mix design of concrete and based on mix design components of thermal conductivity 
values. The Table 4-2 shows the details of calculation. 
4.5 Effect of Ternary Mixtures on Moisture Content 
Figure 4-9 and Figure 4-10 show the percentage change in moisture content and thermal 
conductivity from a dry condition to a saturated condition for control mixtures and ternary 
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mixtures. The figures were colored differently to show the groups having a variation of SCM 
proportion. By comparing control mixtures on the left side of the figures, it may be observed that 
the specimen with fly ash has more moisture absorption, compared to normal concrete and slag-
mixed specimens. Among the fly ash concretes, it was observed that the amount of water 
absorbed by the mixture containing Class F fly ash is higher than that of Class C fly ash.  
The thermal conductivity change was proportional to the percentage increase in moisture 
in concrete specimens. In a comparison of both figures, ternary mixes with more moisture 
absorption had higher percentage of thermal conductivity change and vice-versa. The change in 
moisture content was in the range of 1.4% - 3.4% and the thermal conductivity change was in the 
range of 14% - 36% for ternary mixtures. Most of the ternary mixtures showed low moisture 
content, compared to the TI(100) mixture.  
In regard to the addition of slag-decreased moisture absorption of ternary mixtures, 
mixtures with slag showed a decrease in moisture absorption when mixed with fly ash; however, 
40% fly ash ternary mixtures absorbed more moisture. Fly ash absorbs more moisture than 
normal concrete as a common phenomenon. The slag absorbed low moisture, due to its low 
permeability; hence, slag is used in concrete for prevention of sulfate, chloride attacks and also 
induced as de-icing salt. As the percentage of fly ash increased in ternary mixtures from 20% - 
40%, the moisture absorption of concrete specimen also increased. In addition, the percentage of 
thermal conductivity of the specimens also increased, as may be observed in Figure 4-9 and 
Figure 4-10. These trends explain the significance of the SCMs percentage in changing concrete 
material properties, as well.  
Figure 4-11 and Figure 4-12 show the thermal conductivity and heat capacity values of 
ternary mixtures at SSD condition with error bars. Error bars indicate the probability of 
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percentage error by equipment measurement +3%. Table 4-3 contains readings of thermal 
conductivity and heat capacity at dry and saturated conditions. Thermal conductivity of ternary 
mixtures were in the range of 1.23 – 1.46 Btu/ft∙h∙˚F in SSD condition and 0.93 – 1.26 
Btu/ft∙h∙˚F during dry and saturation conditions. Heat capacity readings were in the range of 
0.15-0.20 Btu/lb.˚F for both dry and saturated conditions.  
 
Figure 4-9: Moisture Content in Ternary Mixes 
 
Figure 4-10: Percentage in Thermal Conductivity of Ternary Mixes wrt Moisture Content 
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Concrete with low water absorption and high thermal conductivity consists of low 
temperature differences between top and bottom layers of pavement. From Figure 4-9 to Figure 
4-12, it may be inferred that TI(50)-G
120
S(50) and TI(50)-G
100
S(30)-C(20)-SF(5) specimens have low 
temperature pavement differences. Other ternary mixtures with high thermal conductivity value 
are TI(40)-G
100
S(30)-C(30), TI(50)-G
100
S(30)-C(20), TI(30)-G
100
S(50)-C(20), TI(50)-G
100
S(30)-F(20) and TI(40)-
G
100
S(30)-F(30). TI(40)-G
100
S(30)-C(30) and TI(20)-G
100
S(50)-F(30) had the least thermal conductivity. 
These ternary mixtures produce high temperature differences in pavements with top and bottom 
surfaces, resulting in an increase in stresses.  
The percentage change in thermal conductivity was higher in ternary mixtures, compared 
to TI(100), but the thermal conductivity of concrete was either low or equal to TI(100).  An increase 
in the percentage of thermal conductivity was due to moisture change, as well as the high 
moisture-retaining capacity of fly ash. According to Demirborga et al. (2003) the addition of 
admixture decreases the density of the concrete decreasing thermal conductivity, proved true 
from experimental results [7]. However, the addition of two or more admixtures increased the 
density of the concrete increasing thermal conductivity of ternary mixtures. Percentage 
differences in the thermal conductivity of ternary mixtures, with respect to TI(100), were 
mentioned in Appendix D. Steiger et al. (1978) mentioned that the thermal conductivity increase 
for every 1% increase was 5% [18], but the actual increase in thermal conductivity showed to be 
in the range of 7%-10%, which was observed from test results. According to Jansen et al. (1998) 
moisture distribution through the depth of pavement profile was non-linear. The surface of the 
pavement had 50% humidity; from 2” depth, a drastic increase in humidity was observed, 
reaching 100% humidity at the bottom layers of the pavement. From these observations, it may 
be inferred that thermal conductivity variation is non-linear through the pavement depth; hence, 
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the temperature in the pavement is also non-linear. These non-linear temperature profiles cause 
severe temperature differentials in pavements through the depth of the pavement. SCMs had 
higher percentage of thermal conductivity change, these result in more heat dissipation or high 
temperatures in middle and lower layers of pavement.  
 
Figure 4-11: Thermal Conductivity of Ternary Mixtures at Saturated Condition 
 
Figure 4-12: Heat Capacity of Ternary Mixtures at Saturated Condition 
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Table 4-3 Thermal conductivity, Heat Capacity Readings and Moisture, Thermal Conductivity 
Percentages of Ternary Mixes 
Samples 
TC 
(sat) 
TC 
(dry) 
HC 
(sat) 
HC 
(dry) MC TC% 
TI(100) 1.43 1.26 0.19 0.20 1.90 13.36 
TI(80)-C(20) 1.36 1.10 0.19 0.19 2.69 24.21 
TI(80)-F(20) 1.39 1.10 0.16 0.19 3.20 26.01 
TI(50)-G100S(50) 1.46 1.26 0.18 0.17 2.15 15.88 
TI(50)-G120S(50) 1.35 1.11 0.17 0.16 1.35 17.70 
TI(50)-G100S(30)-C(20)-SF(5) 1.26 1.00 0.17 0.16 1.34 16.61 
TI(30)-G100S(30)-C(40) 1.42 1.21 0.18 0.17 2.58 20.00 
TI(40)-G100S(30)-C(30) 1.34 1.15 0.18 0.17 1.56 25.92 
TI(50)-G100S(30)-C(20) 1.38 1.15 0.17 0.16 1.72 21.98 
TI(30)-G100S(50)-C(20) 1.37 1.17 0.17 0.17 1.57 17.00 
TI(20)-G100S(50)-C(30) 1.31 1.04 0.16 0.17 2.13 26.02 
TI(10)-G100S(50)-C(40) 1.30 0.99 0.17 0.16 3.44 31.69 
TI(50)-G100S(30)-F(20) 1.33 1.14 0.17 0.16 1.71 16.56 
TI(40)-G100S(30)-F(30) 1.37 1.08 0.17 0.16 1.80 26.34 
TI(10)-G100S(50)-F(40) 1.27 0.93 0.15 0.15 2.86 35.88 
TI(20)-G100S(50)-F(30) 1.23 0.93 0.17 0.16 2.11 31.44 
TI(30)-G100S(50)-F(20) 1.42 1.24 0.16 0.15 1.97 14.81 
TI(30)-G100S(30)-F(40) 1.28 0.94 0.16 0.16 2.05 36.28 
TI(50)-G120S(30)-C(20) 1.34 1.10 0.15 0.15 2.69 21.39 
4.6 EICM Modeling Results 
The EICM model was developed, predicting a temperature profile in PCC pavement on 
West Feliciana pavement, located in East Baton Rouge Parish. The input details for the EICM 
modeling were provided in Section 3.4, and a detailed, step-by-step procedure was provided in 
Appendix E. Dry thermal conductivities of concrete for different mix proportions vary. As a 
result, few random values of thermal conductivity were selected and analyzed in EICM for a 
specific day. Figure 4-13 and Figure 4-14 are EICM output results of a temperature profile graph 
for different thermal conductivity obtained on August 15
th
, 2005, at 4:00 pm.  For Figure 4-13, it 
was observed that the change in concrete composition had no effect on the upper and lower 
temperatures of PCC pavements. Temperature profiles show that the low thermal conductivity 
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concrete had a high variation of temperatures, due to slow heat propagation. As thermal 
conductivity increased from 0.99–1.202 Btu/ft.h.˚F, temperature variations decreased. The 
lowest temperature variation within the pavement was found to be at 1.341Btu/ft.h.˚F, which 
increased after 1.341Btu/ft.h.˚F to an extent, remaining almost constant till 1.922 Btu/ft.h.˚F. The 
least temperature stresses were produced by thermal conductivity with 1.341Btu/ft.h.˚F, and the 
highest temperature stresses by low thermal conductivity. These trends can be observed in Figure 
4-13 and Figure 4-14. A definition of thermal conductivity explains that lower thermal 
conductivity in a material has a slow heat transfer, compared to high thermal conductivity 
materials. EICM showed a similar trend from 0.99-1.202 Btu/ft.h, but temperature variations 
predicted after 1.341Btu/ft.h.˚F were different to general phenomenon. Heat capacity had a 
negligible effect on the temperature profile in pavements. 
 
Figure 4-13: Temperature Profiles for Different Thermal Conductivity 
Moisture content starts at one inch bottom in PCC pavements for any chosen day, with 
the same profile for all seasons. According to Jansen et al. (1998), humidity of pavement varies 
from the top two inches of the pavement, and increases rapidly to reach 100% humidity at the 
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bottom of pavement but this phenomenon was not observed in the EICM results. Dr. Altoubat 
exposed concrete specimens to a relative humidity of 50% for 14 hrs; the relative humidity 
increased for all 7 days with depth [33]. From Dr. Altoubat found that concrete had a drying 
period of about 150 hrs for the top few inches. The results indicate that the bottom of the 
concrete has a higher relative humidity, compared to the top few inches. In the experiment, when 
a concrete specimen was stabilized in a 50% humidity room, it had a 1.0-1.5% of gravimetric 
water content; thermal conductivity of those specimens was 9-15% higher. The amount of 
moisture absorption was unique for all concrete compositions; the thermal conductivity change 
had a similar change, with respect to water content.  
 
Figure 4-14: Temperature vs Thermal Conductivity at Several Depths of Pavement 
In Baton Rouge, on an average of 5 yrs, the relative humidity was calculated to be 76% 
(as per the humidity mentioned in MEPDG climatic file 2000-2005). As the surface temperature 
increases the moisture in pavements evaporates at the top surface, while moisture remains 
present in the bottom depths of the pavement. Yet the EICM predicts that less than 0.1% of water 
content is present at the bottom one inch of the pavement. Moisture present in the pavements 
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decreases the temperature, while increasing the thermal conductivity of the material, allowing 
more heat to pass through pavements into the lower layers. Water absorbs more heat than air, 
resulting in the storage of heat in pavements. Pavements have uniform temperatures present at 
bottom surfaces for this reason, while the upper surface of pavement increases and decreases its 
temperature in proportion to air temperatures. EICM showed 0.1% of water content in the bottom 
one inch layer of pavement for an hour, following a precipitation of 4.32” recorded on the 11th of 
May, 2004 as shown in Figure 4-15. From the experiments conducted, it was observed that most 
concrete specimens hold about 2.5-3.0% of gravimetric water content; thus it requires 27 hours 
for concrete to achieve normal temperature gradients and a stabilized water content at 2”- 4” 
inches. 
 
Figure 4-15: EICM Water Content Profile for 16" Pavement 
An experiment was conducted to compare the EICM model temperature profiles to real-
time temperature changes in the pavement for 53 days. Input details required by EICM are (a) air 
temperature, (b) cloud cover or percentage of sunshine, (c) wind speed, (d) humidity, and (e) 
water table of selected site. This climatic data for EICM model was collected from website 
(http://www.wunderground.com/history/airport/KBTR/2010/7/13/DailyHistory.html). Using an 
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I-button, temperature and humidity values were recorded for every hour. Figure 4-16 describes 
temperature profiles calculated from the EICM model, as well as I-button measured readings. I-
button was placed at a depth of 1.5” from the top and bottom of a concrete block; the 
temperature profiles in Figure 4-16 are represented from that depth. Temperature profiles were 
collected on August 2
nd
, 2010 and the time was mentioned in the graph. From the Figure 4-16 
results, it may be inferred that temperatures predicted in the EICM model were lower, compared 
to experiment readings recorded by the I-button. Readings measured by an I-button in pavement 
were higher, compared to the output results of the EICM model. Temperature differences in the 
pavement from the experiment were higher and steeper when compared to model results, 
showing higher temperature differences from the top to the bottom; temperature profiles from the 
EICM were smooth, compared to experimental results, yet the profile follow the same trends of 
hourly temperature profiles as collected from the experiment. Weather data collected from the 
website had its weather station located at the Baton Rouge airport, and the location of the 
conducted experiment was at LTRC. This might be the cause for the difference in temperatures 
calculated from EICM and the measured values of the I-button.  
According to Rezqallah and Hamad (1997), temperatures in concrete pavement at a depth 
of 2 cm are higher compared to air temperature. The differences between air temperatures and 
pavement temperatures range from a minimum of 2°C to maximum of 7°C, (i.e., about 4°F-
13°F) depending on the hour of the day [34 & 35]. This may be a reason for the higher 
temperature recorded by the I-button in the experiment. Another possible reason may be found 
due to errors in temperature measurement. EICM, as a two-dimensional heat transfer model and 
concrete specimen, was wrapped with aluminum foil in order to arrest any lateral heat transfer in 
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the specimen. Dissipation of heat through the sides was not possible; since heat dissipation 
would result in more heat transfer from the top to the bottom. 
 
Figure 4-16: Temperature Profiles from EICM and I-button 
 
Figure 4-17: Peak hour Temperature Gradient 
0
2
4
6
8
10
12
14
75 85 95 105 115
D
ep
th
 (
in
)
Temperature (ºF) (calculated) 3:00 AM
(Measured) 3:00 AM
(calculated) 7:00 AM
(Measured) 7:00 AM
(calculated) 10:00 
AM
(Measured) 10:00 
AM
(calculated) 2:00 PM
(Measured) 2:00 PM
(calculated)  4:00 PM
(Measured)  4:00 PM
(calculated)  9:00 PM
(Measured)  9:00 PM
-10
-5
0
5
10
15
20
25
0 5 10 15 20 25
P
ea
k
 h
o
u
r 
te
m
p
er
a
tu
re
 g
ra
d
ie
n
t 
(°
F
)
Hours
8/3/10 T(eicm)
8/3/10 T(ib)
8/5/10 T(eicm)
8/5/10 T(ib)
8/8/10 T(eicm)
8/8/10 T(ib)
8/9/10 T(eicm)
8/9/10 T(ib)
8/10/10 T(eicm)
8/10/10 T(ib)
8/11/10 T(eicm)
8/11/10 T(ib)
60 
Appendix F contains more temperature profiles. Figure F-1 to Figure F-12 were plotted, 
based on the output results calculated by the EICM model and measured values of the I-button. 
The temperature gradients on August 5
th
, 2010, showed slight differences in the specimen, due to 
a five hour precipitation, noted from 10:00 am in the morning to 2:00 pm in the afternoon. EICM 
fails to consider the precipitation and temperature pattern with regard to the water flow during 
rain. In the remaining days, the thermal gradients are comparable in respect to trends. Yet, there 
are notable temperature differences between the top and bottom of the pavement.  
 
Figure 4-18: Temperature Gradient on Date 08/04/10 
Temperature gradients are known as for the rate of change in temperature for a given 
direction. Temperature gradients in this study mean difference in temperature for top and bottom 
1.5” in pavements for specific hour in a day. From the output results of EICM and the I-button, 
differences in temperature from bottom 1.5” to top 1.5” were calculated for 24 hours a day. 
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the top and bottom of the pavement on a particular hour of day. A convenience temperature 
gradient at hottest hour, named as “Peak hour temperature gradient” in Figure 4-17, describes the 
hourly temperature gradients in pavements, measured by an I-button and the EICM model for 
randomly selected days. A peak value was observed during the hottest hour of the day for I-
button readings, but EICM has no significant peak value. The peak hour temperature gradient 
was in the range of 15-20°F for I-button measured readings; for EICM, the gradient was around 
3-5°F. The difference in the peak hour temperature gradient was 15°F for EICM predicted 
readings and the I-button measured value. This variance in gradients causes large differences in 
thermal stresses calculated from EICM and experiments. Although the temperature difference 
pattern worked for one day in showing a significant peak in the hottest hour of the day (observes 
Figure 4-18), when verified with other days for consistency, it failed (observed in Figure 4-17). 
From a FHWA report, “Monitoring Seasonal Instrumentation and Modeling Climatic 
Effects on Pavements at the Ohio/SHRP Test Road” by Andrew Heydinger (2003), it was 
observed that the  EICM temperature profiles in pavement showed a significant difference, 
compared to observed field results, which can be seen in Figure 4-19 [29]. The temperature 
gradient and temperature gradients within the pavements vary from field results, after calibrating 
the EICM model. Zubair Ahmad et al. (2005) worked on predicting EICM and LTPP site 
temperature and moisture content profiles, concluding that a strong and consistent correlation did 
not exist between predicted and observed values [30].   
Temperature profile trends show a definite pattern and displayed a correlation with measured 
profiles. EICM could not predict peak hour temperature gradients. Comparing peak hour 
temperature gradient calculated by EICM, as well as measured I-button values, had a 
temperature gradient of 15°F. From these EICM results, it may be observed that temperatures at 
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middle layers had higher temperatures compared to the bottom and top locations in the 
pavement. A change in thermal conductivity, heat capacity and density of the concrete had least 
effect on the pavement thermal gradient, compared to daily air temperature, sunshine, wind 
speed, and precipitation. From literature and experiments, moisture was present throughout the 
pavement.  Moisture present affects thermal conductivity and temperature profiles in pavements. 
 
Figure 4-19: temperature profiles from Andrew [27] 
EICM assumes that moisture and a thermal profile are inter-dependent and so follows a sequence 
of steps to balance thermal profiles as per moisture present. However, from EICM output results, 
it may be inferred that only the bottom one-inch of pavement contains moisture. This amount of 
moisture has minimal effect on temperature profiles of the pavement. A usage of ternary mixes 
tends to reduce the moisture-retaining capacity in pavement, yet increases the percentage of 
thermal conductivity change by increasing temperatures in the middle layers of pavement, 
compared to ordinary concrete mixtures. A prediction of temperature and moisture profiles by 
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EICM came from environmental conditions and the material properties of pavements. The 
temperature profiles of EICM are not as sensitive to material properties of pavements, compared 
to environmental conditions. Temperature inputs play an important role for EICM and these vary 
for different climatic zones. Hence, EICM should be thoroughly verified for different climatic 
zones. The moisture prediction of EICM in pavements was not significant, when compared to 
experimental results.  
4.7 MEPDG Analysis Results 
An MEPDG analysis was performed for cast concrete specimens in order to understand 
thermal properties behavior. Thermal conductivity, heat capacity and the unit weight of different 
specimen were inputted into MEPDG and analyzed. From the results, it was found that for 
thermal conductivity (1.67 Btu/ft-hr-
o
f) and heat capacity (0.21 Btu/lb∙˚F), MEPDG shows an 
instability check error in climatic data. MEPDG software developers suggested varying the heat 
capacity value by (+0.1) for that particular value. EICM analysis was initiated for the same 
values and the study found that EICM predicts temperature profiles for these thermal 
conductivity and heat capacity values. Thermal conductivity tests were conducted on other 
specimens, and MEPDG analysis was performed for those specimens. From these results, it was 
again observed that few thermal conductivity and heat capacity values had the same error 
repeated. A graph (Figure 4-20) was plotted for all these thermal conductivity and heat capacity 
readings that failed during the ICM stability check. It was observed that all these ICM stability 
failure readings showed a linear variation. It was observed that any values below the chosen 
trend line failed for the ICM stability check, and no MEPDG analysis was performed. All these 
readings showed no failure errors in the EICM climatic model. MEPDG cannot perform analysis 
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for specimens with thermal conductivity and heat capacity in the ICM stability check failure 
zone.  
 
Figure 4-20: ICM Stability Check Zones 
MEPDG analysis was conducted, based on the input data of JPCP in US 61 to know the 
effectiveness of thermal conductivity and heat capacity on PCC pavements. Pavement distresses 
were measured from the analysis; the results of these analyses were presented in Figure 4-21 and 
Figure 4-22. As thermal conductivity of concrete increased (0.998 – 1.601 Btu/ft∙h∙˚F) the mean 
joint faulting showed a slight decrease, which was not considerable. Allowable mean joint 
faulting value is 0.12 in, indicating that the change due to temperature variation is negligible. As 
heat capacity increases, the mean joint faulting decreases. The faulting affected was higher, 
compared to thermal conductivity. Although the faulting was within limit, the trend indicates that 
higher thermal conductivity and heat capacity values of a concrete specimen would be preferred. 
This explains that increased thermal conductivity causes a low temperature difference between 
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the top and bottom of the pavement layer, so the curling stress caused by temperature variation 
can be restrained.  
 
Figure 4-21: Change in Mean joint Faulting for Change in Thermal Conductivity 
 
Figure 4-22: Change in Mean Joint Faulting for Change in Heat Capacity 
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The effects of thermal conductivity and heat capacity on transverse cracking were 
presented in Figure 4-23 and Figure 4-24. The transverse cracking decreases remarkably as 
thermal conductivity increases. The transverse cracking reaches 78% at thermal conductivity 
value of 0.998 Btu/ft∙h∙˚F, and the heat capacity was constant throughout this analysis. As heat 
capacity increases, transverse cracking suddenly decreases and then increases slightly after 0.25 
Btu/lb.F. The transverse cracking was dominantly affected by thermal conductivity rather than 
by heat capacity. The terminal IRI also shows similar trends in previous results, because 
smoothness was related to joint faulting and transverse cracking. Therefore, the thermal 
properties of thermal conductivity were influential on pavement distresses and the transverse 
cracking was shown to be dominantly controlled by thermal properties. 
 
Figure 4-23: Change in Transverse Cracking with Change in Thermal Conductivity 
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Figure 4-24: Change in Transverse Cracking with Change in Heat Capacity 
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CHAPTER 5 SUMMARY, CONCLUSION AND RECOMMENDATIONS 
5.1 Summary and Conclusion 
A standard procedure to measure the thermal conductivity of concrete was developed. 
Using this procedure, the thermal conductivity of concrete was studied to understand its 
characteristics factors such as (a) aggregate type, (b) change in coarse aggregate proportion, (c) 
moisture effect, and (d) SCM’s. The results showed that a change in coarse aggregate type 
affects the thermal conductivity of concrete with the same mix design. Gravel concrete mix 
(G65) had a higher thermal conductivity than Kentucky limestone (K65) and Mexican limestone 
(M65). Concrete with a low coarse aggregate proportion revealed a higher thermal conductivity 
value, when compared to a high coarse aggregate proportion due to a fast heat dissipation of the 
fine aggregate.  
A moisture content measurement method was developed; moisture content was measured 
on a daily process, until the specimen reached a dry condition. From the results, it may be 
inferred that thermal conductivity of concrete decreased with decrease in moisture percentage 
inside the concrete specimens. Moisture absorbed by a concrete specimen varies, depending on 
the mix proportion. A linear relationship was observed between the moisture and thermal 
conductivities of concrete.  
A statistical analysis using ANOVA, with a confidence interval of 0.05, was performed 
on the test results to determine the significance of these factors on thermal conductivity. The 
coarse aggregate type, percentage of coarse aggregate, and moisture had a significant effect on 
the thermal conductivity of concrete, confirmed by statistical analysis. The equipment has a +3% 
error and the variance of readings were in the range of 0.0004 – 0.001.  
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A model was developed that predicts the thermal conductivity of the concrete, 
considering the combined effect of coarse aggregate proportion and moisture content. Dry 
thermal conductivity of concrete specimen was determined from the mixture proportion of 
concrete. The predicted values from the model were correlated to measured values to assure the 
accuracy of the model. The developed model predicts the change in dry thermal conductivity 
value for the change in aggregate proportion and moisture.  
Thermal conductivity of concrete and ternary mixtures was measured to study the effect 
of SCMs on the concrete specimen. From the results, the study observed that the percentage 
change in thermal conductivity of concrete was higher in ternary mixtures, compared to the 
percentage change thermal conductivity for a saturated and dry condition in the normal concrete 
mixture. Thermal conductivity values for ternary mixtures were lower than or equal to thermal 
conductivity of the normal concrete mixture in a saturated condition. Control and ternary 
mixtures with fly ash showed more moisture absorption, compared to the normal concrete 
mixture. Mixtures with slag displayed a low amount of moisture, when compared to fly ash. An 
increase in fly ash percentage in ternary mixtures increased moisture absorption. Mixtures with 
fly ash had higher moisture absorption, compared to Class C fly ash. Concrete mixtures used in 
this study had 2.5% - 3.5% of gravimetric water content at a fully saturated condition, i.e., 100% 
relative humidity and 1.0% - 1.5% of gravimetric water content was present when the specimen 
stabilized at 50% relative humidity. A difference in thermal conductivity from a dry condition to 
saturated condition ranged from 15%-30%, with respect to the dry condition, depending on the 
mixture water content. For every 1% water content increase in concrete mixture, thermal 
conductivity increased by 7.5% – 10%. 
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A model was simulated in EICM to analyze thermal conductivity and its effects on 
temperature profiles in the pavement. This model assumes a pavement section with base and sub-
base layers, with climatic data of five years, and dry thermal conductivity of different specimens. 
Output results of EICM analysis were used to understand the temperature changes within the 
pavement, due to the change of thermal conductivity. Thermal conductivity had no effect on the 
top and bottom temperatures of concrete. Results showed that temperatures at the top and bottom 
remained constant, though there was a change in the temperatures of middle layers. As thermal 
conductivity increased from 0.9 - 1.341Btu/ft∙h∙˚F, the temperature at middle layers decreased, 
while the thermal conductivity ranged from 1.341 – 1.601 Btu/ft∙h∙˚F as temperatures increased. 
Low temperatures were predicted at middle layers for thermal conductivity 1.341 Btu/ft∙h∙˚F, 
which implied that low stresses would occur at thermal conductivity. High temperatures were 
predicted at middle layers for thermal conductivity 1.1Btu/ft∙h∙˚F. EICM predicted that water 
content in PCC pavements would start at the bottom 1” of the pavement, i.e., for a 12” thick 
pavement, water content starts at 11”. Even on a day of precipitation, recorded at 4.32”, the 
water content gradient started at the bottom one-inch of pavement indicating that EICM does not 
consider a moisture profile, which affects thermal conductivity and temperature gradients in 
pavements. 
Temperature and Moisture profiles were recorded, using an I-button in an experimental 
study conducted on a 12” concrete specimen, embedded in soil. EICM predicted that temperature 
profiles were comparative to temperatures recorded in this experimental procedure. The 
temperature profiles measured by EICM in the pavement model had lower temperatures profiles 
recorded by the I-button through experiment. Though temperatures predicted by the EICM 
model were lower, the predicted temperature profile of EICM was similar to temperature profiles 
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of the I-button, except on rainy days. Peak hour temperature gradients calculated from EICM and 
the I-button had no similarity in their patterns when compared. I-button, in measuring peak hour 
temperature gradients, showed a definite peak temperature during the hottest hours of day; 
whereas EICM values showed no peak hour temperature gradient. EICM does not predict these 
trends exactly, and the difference was found to be 15 °F. Even though the peak hour temperature 
gradient matched for a single day out of a verified 10 days, no strong correlation of results was 
observed.  
An MEPDG analysis was performed on a pavement section to understand the distresses 
caused by thermal conductivity and heat capacity effects. From the MEPDG analysis, the study 
observed that as the thermal conductivity increases from 1.2-1.8 Btu/ft∙h∙˚F, the thermal cracking 
decreases, with no significant affect on joint faulting. An increase in thermal conductivity 
decreases temperature differences from the top to the bottom of pavement, thereby decreasing 
distresses. An ICM stability check failure was observed in MEPDG; EICM did not show this 
failure. An ICM stability failure also occurred for a set of thermal conductivity and heat capacity 
values; these readings where failure occurred were linear when plotted. A strong correlation was 
found for thermal conductivity and heat capacity values, resulting in an ICM stability failure.  
Based on the results of the study, the following conclusions are made: 
 A standard thermal conductivity procedure was developed for measuring the thermal 
conductivity of concrete specimens.  
 A change in the type of coarse aggregate, percentage of coarse aggregate, and moisture 
content had a statistically significant effect on the thermal conductivity of concrete.  
 The relationship between thermal conductivity and moisture content was linear. As 
moisture content decreases, the thermal conductivity of concrete decreases. For every 
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1% water content difference, the thermal conductivity changes by 7.5 – 10%, depending 
upon the concrete mixture. 
 A model was developed for predicting the thermal conductivity of concrete for factors 
such as the percentage of coarse aggregate and the moisture content. A strong 
correlation was observed between model predicted thermal conductivity values and 
measured thermal conductivity values.  
 As density of ternary mixtures changed, thermal conductivity values of these ternary 
mixtures changed proportionally. As moisture content changed from a saturated 
condition to a dry condition, the thermal conductivity percentage change was higher in 
ternary mixtures, compared to normal concrete mixtures.  
 Concrete with fly ash had more moisture absorption, compared to normal concrete and 
slag mixed specimens. The water content of concrete containing Class F fly ash was 
higher than that containing Class C fly ash.  
 Change in thermal conductivity had no effect on the top and bottom temperatures of 
PCC pavements, but temperatures in the middle layers of PCC pavement changed. 
 The temperature profiles and moisture profiles measured by EICM inside pavements 
were not accurate.  
 I-button measured peak hour temperature gradients showed a definite peak temperature 
during the hottest hours of day; whereas EICM values showed no peak hour temperature 
gradient. No strong correlation was observed in EICM predicted temperature profiles. 
 MEPDG analysis shows that transverse thermal cracking was decreased with the 
increase of thermal conductivity up to 1.4 Btu/ft∙h∙˚F. For the higher thermal 
conductivity, transverse thermal cracking was increased. 
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 Transverse thermal cracking was decreased with the increase of heat capacity up to 0.24 
Btu/lb∙˚F. For the higher heat capacity, transverse thermal cracking was increased.  
 Joint faulting was not affected by thermal conductivity and heat capacity of concrete. 
 The ICM stability check failure was linear for specific values of thermal conductivity 
and heat capacity. MEPDG cannot perform analysis for a few concrete mixtures. A 
strong correlation was found for thermal conductivity and heat capacity values resulting 
in ICM stability failure. 
5.2 Recommendations 
 Results of the EICM model suggest that climatic conditions affect temperature and 
moisture profiles in pavements more than in material properties. Understanding pavement 
behavior for material properties and long-term climatic conditions for different locations 
further helps in precise evaluation of pavement performances. EICM should be calibrated 
locally and validated for different climatic zones. 
 In MEPDG analysis, a strong correlation was observed for the ICM stability check failure 
for thermal conductivity and heat capacity values. This study recommends consultation 
with the developer of the MEPDG to address the problems.  
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APPENDIX – A: THERMAL CONDUCTIVITY AND HEAT CAPAPCITY 
VALUES OF SPECIMEN WITH DIFFERENT SIZE AND SHAPE 
Table A-1: Readings of Thermal Conductivity and Heat Capacity Values for Figure 3-5 and 
Figure 3-6 
Side 
Thermal 
Conductivity 
Heat 
Capacity 
a 1.53 0.19 
b 1.54 0.20 
c 2.08 0.22 
d 1.82 0.17 
e 1.57 0.19 
f 1.80 0.19 
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APPENDIX – B: THERMAL CONDUCTIVITY AND HEAT CAPACITY 
READINGS FOR DIFFERENT AGGREGATE MIXTURES, TERNARY 
MIXTURES AND THEIR VARIANCE 
Table B-1: Readings of Thermal Conductivity and Heat Capacity for Figure 4-1and Figure 4-2 
Specimen SSD TC 
  TC Avg HC Avg 
Standard 
Deviation 
Variance 
M65 
(0.451) 
1.27 
1.29 
0.19 
0.19 0.0264827 0.0007013 1.3 0.18 
1.32 0.19 
G65 
(0.451) 
1.99 
2 
0.18 
0.17 0.0120299 0.0001447 1.99 0.15 
2.01 0.2 
K65 
(0.451) 
1.58 
1.6 
0.2 
0.21 0.0448881 0.0020149 1.56 0.21 
1.65 0.22 
K20 
(0.547) 
1.91 
1.87 
0.19 
0.2 0.0360898 0.0013025 1.84 0.2 
1.86 0.2 
K80 
(0.451) 
1.59 
1.61 
0.2 
0.19 0.0202952 0.0004119 1.61 0.17 
1.63 0.19 
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Table B-2: Variance and Standard Deviation of Three Specimens with Similar Mixture Design 
TI(50)-G
120
S(50) 
Specimen -1 
TI(50)-G
120
S(50) 
Specimen - 2 
TI(50)-G
120
S(50) 
Specimen - 3 
Total 
TC HC TC HC TC HC 
 
2.24 1.51 2.34 1.63 2.3 1.49 
2.25 1.55 2.39 1.68 2.29 1.47 
2.3 1.61 2.41 1.61 2.42 1.51 
2.24 1.65 2.2 1.55 2.29 1.54 
2.28 1.59 2.31 1.59 2.32 1.55 
2.27 1.59 2.29 1.61 2.29 1.41 
2.28 1.6 2.22 1.55 2.31 1.51 
2.27 1.59 2.28 1.61 2.35 1.5 
2.27 1.62 2.39 1.65 2.3 1.55 
2.33 1.61 2.27 1.63 2.32 1.41 
2.28 1.58 2.3 1.62 - - 
2.2736364 1.5909091 2.3090909 1.6118182 2.319 1.494 2.3 Mean 
0.0006855 0.0012264 0.0046891 0.0013603 0.00161 0.0021491 0.0025935 Variance 
0.0261812 0.0350207 0.0684769 0.0368827 0.0401248 0.0463583 0.0509269 
Standard 
Deviation 
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Table B-3: Variance and Standard Deviation of Three Specimens with Similar Mixture Design 
TI(40)-G
100
S(30)-F(30) 
Specimen - 1 
TI(40)-G
100
S(30)-F(30) 
Specimen - 2 
TI(40)-G
100
S(30)-F(30) 
Specimen- 3 
Total 
TC HC TC HC TC HC 
 
2.3 1.52 2.18 1.49 2.35 1.63 
2.38 1.59 2.17 1.48 2.4 1.71 
2.28 1.58 2.14 1.4 2.39 1.59 
2.26 1.56 2.2 1.53 2.45 1.68 
2.32 1.6 2.24 1.53 2.35 1.62 
2.31 1.6 2.23 1.56 2.38 1.61 
2.38 1.65 2.21 1.51 2.37 1.63 
2.26 1.61 2.28 1.59 2.4 1.65 
2.37 1.65 2.14 1.45 2.37 1.66 
2.32 1.64 2.13 1.43 2.39 1.69 
2.39 1.65 2.17 1.44 - - 
- - 2.16 1.45 - - 
2.3245455 1.6045455 2.1875 1.4883333 2.385 1.647 2.2930303 Mean 
0.0023673 0.0015884 0.0020932 0.0032697 0.0007182 0.0011827 0.0088593 Variance 
0.0486546 0.0398551 0.0457513 0.0571813 0.0267989 0.0343908 0.0941237 
Standard 
Deviation 
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APPENDIX – C: THERMAL CONDUCTIVITY AND HEAT CAPACITY 
CHANGE WITH MOISTURE 
 
Figure C-1: Thermal Conductivity vs Moisture Content of Ternary Mixtures 
 
Figure C-2: Thermal Conductivity vs Moisture Content of Ternary Mixtures 
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Figure C-3: Thermal conductivity vs Moisture Content of Ternary Mixtures 
 
Figure C-4: Heat Capacity vs Moisture Content 
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Figure C-5: Heat Capacity vs Moisture Content 
 
Figure C-6: Heat Capacity vs Moisture Content 
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Figure C-7: Heat Capacity vs Moisture Content 
Table C-1: Weight, Thermal Conductivity and Heat Capacity of Ternary Mixes 
TI(50)-G
100
S(50) TI(50)-G
100
S(30)-C(20) TI(40)-G
100
S(30)-C(30) TI(50)-G
120
S(50) 
Weight K Cρ Weight K Cρ Weight K Cρ Weight K Cρ 
2.150 15.875 9.344 1.717 21.983 8.184 1.561 25.924 2.307 1.354 17.700 6.463 
1.228 12.557 6.646 1.557 19.304 8.972 1.444 23.649 -3.727 1.247 15.016 4.675 
1.145 11.730 1.277 1.429 17.130 4.595 1.347 21.390 -1.863 1.182 13.578 0.610 
1.109 10.720 5.670 1.364 16.139 5.821 1.285 19.884 0.311 1.151 13.578 0.762 
1.086 9.227 -2.841 1.322 15.565 4.705 1.246 18.147 -1.118 1.133 12.620 1.768 
1.078 8.116 3.820 1.299 15.304 6.510 1.240 18.147 -1.118 1.141 14.377 3.963 
1.055 6.891 -2.383 1.262 14.391 3.228 1.173 15.734 -3.106 1.104 10.916 -1.016 
1.023 5.207 -4.702 1.218 13.322 0.569 1.131 14.961 -7.453 1.073 10.224 -0.732 
0.990 6.930 2.040 1.173 13.043 3.063 1.079 13.224 0.207 1.039 9.984 0.762 
0.679 2.527 5.650 0.805 8.812 3.793 0.711 11.583 1.656 0.696 4.856 4.268 
0.599 0.481 1.713 0.705 5.317 5.408 0.623 10.502 -1.615 0.613 3.514 2.805 
0.453 0.498 7.073 0.554 4.739 7.330 0.503 5.550 -1.708 0.504 3.035 5.030 
0.308 -0.459 7.175 0.381 2.574 2.801 0.347 4.537 -1.242 0.351 3.035 5.030 
0.218 -1.159 1.800 0.303 1.478 2.735 0.245 3.282 -3.520 0.249 2.693 3.049 
0.171 -1.972 3.413 0.214 -0.261 5.689 0.193 3.523 -0.466 0.200 2.316 3.252 
0.130 -3.407 -0.705 0.157 -0.522 6.346 0.141 4.633 -2.484 0.140 1.278 3.506 
0.073 -4.900 -3.502 0.110 0.304 2.899 0.102 0.425 -0.497 0.099 1.518 -0.407 
0.044 -3.905 -1.976 0.060 0.070 3.063 0.052 0.193 -0.932 0.065 1.214 -1.341 
0.008 -4.288 1.430 0.013 -1.078 3.326 0.013 -0.097 -3.106 0.016 0.927 1.829 
y = -1.455x + 4.9
R² = 0.0524 y = 1.6662x + 1.7859
R² = 0.1686
y = -0.9048x + 0.6408
R² = 0.0272
y = 0.5048x + 4.0724
R² = 0.0318
-25
-20
-15
-10
-5
0
5
10
15
0 0.5 1 1.5 2 2.5 3 3.5
H
ea
t 
ca
p
a
ci
ty
 (
%
)
Moisture content
TI(30)-G100S(50)
-F(20)
TI(30)-G100S(50)
-F(40)
TI(50)-
G120S(30)-C(20)
TI(10)-
G100S(50)-F(40)
Linear (TI(30)-
G100S(50)-F(20))
Linear (TI(30)-
G100S(50)-F(40))
Linear (TI(50)-
G120S(30)-C(20))
Linear (TI(10)-
G100S(50)-F(40))
85 
Table C-2: Readings of Moisture Percentage Change, Thermal Conductivity Percentage Change 
and Heat Capacity Percentage Change 
Samples DAY-1 DAY-2 DAY-3 DRIED-1 DRIED-2 DRIED-3 DRIED-4 
K65 1.56883 1.50653 1.41308 0.943 0.78441 0.64282 0.21522 
G65 2.24386 1.87473 1.82822 1.06089 0.72083 0.31972 0.11336 
M65 2.57187 2.18303 2.06056 1.50026 1.35636 0.88485 0.28781 
K80 2.57453 2.22677 2.0585 1.23398 1.19472 0.79367 0.25801 
K20 2.43408 2.32551 2.17124 1.71414 1.48273 0.94563 0.40282 
Thermal 
Conductivit
y 
DAY-1 DAY-2 DAY-3 DRIED-1 DRIED-2 DRIED-3 DRIED-4 
K65 18.1034 16.8103 14.1164 10.7759 9.91379 8.18966 6.68103 
G65 20.0361 11.083 7.22022 5.05415 4.78339 3.61011 1.08303 
M65 20.7175 19.0678 21.4689 14.6893 12.4294 9.46328 5.87571 
K80 11.8712 10.664 10.664 10.3823 9.85915 7.2837 0.80483 
K20 20.298 19.9255 15.4562 15.0838 13.4078 10.0559 6.62942 
Heat 
Capacity 
DAY-1 DAY-2 DAY-3 DRIED-1 DRIED-2 DRIED-3 DRIED-4 
K65 1.852 7.619 3.175 2.910 -1.587 3.704 -12.698 
G65 6.284 0.273 10.656 -0.546 0.410 8.361 1.093 
M65 -0.401 -4.973 -1.979 0.321 -1.070 -2.888 -3.476 
K80 -11.782 7.759 4.402 -3.276 4.598 5.747 -2.443 
K20 -10.204 -3.418 1.020 -0.255 -4.847 -3.403 -4.592 
 
Table C-3: Weight, Thermal Conductivity and Heat Capacity Readings of Ternary Mixes 
TI(50)-G
100
S(30)-C(20)-SF(5) TI(30)-G
100
S(30)-C(40) TI(30)-G
100
S(50)-C(20) TI(20)-G
100
S(50)-C(30) 
Weight 
K(W/
m/K) 
Cρ(J/m3
.K) 
Weight K Cρ Weight K Cρ Weight K Cρ 
3927.2 2.313 1.699 3934.8 2.388 1.620 3879.9 2.363 1.713 3941.7 2.268 1.593 
3923.5 2.284 1.674 3920.3 2.295 1.538 3874.4 2.320 1.612 3929 2.102 1.547 
3920.2 2.258 1.692 3912.2 2.278 1.535 3870.6 2.281 1.659 3922.6 2.077 1.533 
3918.1 2.230 1.643 3904.8 2.255 1.588 3868.5 2.274 1.690 3917.2 2.050 1.438 
3916.7 2.220 1.668 3901.2 2.220 1.570 3867 2.250 1.663 3914.6 2.040 1.538 
3916.4 2.200 1.700 3898.7 2.213 1.543 3866.4 2.268 1.679 3912.8 2.043 1.563 
3914.8 2.190 1.640 3894.9 2.209 1.547 3864.6 2.170 1.533 3910.5 2.020 1.558 
3913.2 2.177 1.603 3892.2 2.168 1.548 3862.9 2.206 1.600 3907.6 1.980 1.503 
3911.9 2.173 1.633 3887.3 2.127 1.537 3860.8 2.183 1.593 3904.3 1.975 1.550 
3899.2 2.167 1.723 3867.2 2.052 1.552 3846 2.037 1.556 3886.4 1.930 1.653 
3896.1 2.090 1.703 3862.2 2.110 1.650 3842.6 2.080 1.720 3882.4 1.900 1.640 
3892.4 2.076 1.653 3857.6 1.990 1.683 3838.9 2.020 1.665 3878.7 1.899 1.684 
3886.9 2.020 1.662 3850.3 1.968 1.558 3832.9 2.007 1.717 3872.7 1.862 1.728 
3883.8 2.011 1.689 3845.8 2.018 1.678 3829.4 1.993 1.675 3868.8 1.833 1.671 
3881.6 1.986 1.626 3843.4 1.964 1.604 3827.4 2.010 1.690 3866.7 1.860 1.678 
3880.2 2.023 1.677 3841.3 1.970 1.653 3825.5 1.993 1.675 3864.9 1.864 1.682 
3877.7 1.935 1.610 3839.8 1.977 1.643 3824.1 1.990 1.663 3863.7 1.853 1.685 
3877.5 1.910 1.653 3838.4 1.952 1.627 3822.8 1.983 1.640 3862.1 1.850 1.680 
3875.8 1.980 1.707 3836.3 1.970 1.637 3821 1.966 1.640 3860.3 1.820 1.697 
3875.2 1.983 1.650 3835.7 1.950 1.577 3820 1.960 1.635 3859.5 1.800 1.625 
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Table C-4: Readings of Weight, Thermal Conductivity, Heat Capacity of Control Mixtures 
TI(100) TI(80)-C(20) TI(80)-F(20) 
Weight 
Thermal 
Conductiv
ity 
(W/m.K) 
Heat 
Capacity 
(J/m
3
.K) 
Weight 
Thermal 
Conducti
vity 
Heat 
Capacity 
Weight 
Thermal 
Conducti
vity 
Heat 
Capacity 
3868.00 2.48 1.87E+06 3845.50 2.36 1.80E+06 3881.00 2.40 1.56E+06 
3879.50 2.53 1.88E+06 3845.00 2.33 1.82E+06 3878.10 2.42 1.67E+06 
3873.30 2.45 1.82E+06 3834.20 2.29 1.78E+06 3861.60 2.40 1.73E+06 
3871.20 2.47 1.54E+06 3831.00 2.22 1.63E+06 3848.70 2.37 1.70E+06 
3868.00 2.44 1.85E+06 3824.60 2.21 1.72E+06 3844.50 2.36 1.66E+06 
3866.40 2.47 1.84E+06 3821.60 2.23 1.75E+06 3841.20 2.33 1.64E+06 
3865.00 2.43 1.86E+06 3819.00 2.19 1.70E+06 3839.30 2.32 1.74E+06 
3863.90 2.42 1.80E+06 3817.00 2.23 1.74E+06 3836.80 2.29 1.78E+06 
3862.70 2.47 1.86E+06 3815.10 2.23 1.83E+06 3835.00 2.31 1.75E+06 
3861.70 2.47 1.92E+06 3813.90 2.23 1.85E+06 3832.00 2.27 1.76E+06 
3859.80 2.45 1.86E+06 3811.10 2.18 1.82E+06 3828.10 2.25 1.74E+06 
3857.30 2.45 1.93E+06 3807.50 2.20 1.86E+06 3825.60 2.23 1.74E+06 
3855.00 2.41 1.79E+06 3805.00 2.16 1.86E+06 3823.80 2.26 1.78E+06 
3853.30 2.42 1.90E+06 3803.40 2.17 1.87E+06 3822.40 2.20 1.78E+06 
3852.70 2.41 1.82E+06 3802.50 2.16 1.86E+06 3821.50 2.19 1.70E+06 
3851.70 2.40 1.89E+06 3801.40 2.16 1.83E+06 3818.90 2.17 1.72E+06 
3849.30 2.37 1.80E+06 3798.90 2.13 1.76E+06 3816.60 2.16 1.75E+06 
3846.80 2.35 1.81E+06 3796.30 2.12 1.75E+06 3811.70 2.15 1.75E+06 
3842.90 2.33 1.83E+06 3791.90 2.08 1.74E+06 3803.40 2.08 1.77E+06 
3835.50 2.29 1.89E+06 3783.80 2.04 1.80E+06 3798.00 2.08 1.80E+06 
3830.70 2.27 1.94E+06 3779.20 2.02 1.83E+06 3794.50 2.07 1.81E+06 
3827.30 2.26 1.93E+06 3775.80 2.02 1.88E+06 3789.50 2.04 1.77E+06 
3823.90 2.24 1.95E+06 3771.30 2.00 1.85E+06 3787.00 2.06 1.80E+06 
3820.50 2.23 1.95E+06 3769.00 1.99 1.83E+06 3784.10 2.03 1.78E+06 
3818.00 2.24 1.91E+06 3765.00 1.96 1.87E+06 3774.60 1.99 1.83E+06 
3809.70 2.21 1.93E+06 3758.30 1.94 1.88E+06 3770.10 1.97 1.77E+06 
3805.90 2.20 1.90E+06 3753.70 1.92 1.82E+06 3766.60 1.94 1.83E+06 
3802.30 2.19 1.97E+06 3750.60 1.91 1.82E+06 3760.50 1.90 1.81E+06 
3795.90 2.18 1.96E+06 3744.60 1.90 1.86E+06 
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Table C-5: Weight, Thermal Conductivity and Heat Capacity Readings of Ternary Mixes 
TI(50)-G
100
S(30)-F(20) TI(10)-G100S-C(40) TI(40)-G
100
S(30)-F(30) TI(20)-G
100
S(50)-F(30) 
Weight K(W/m.K) Cρ(J/m3.K) Weight K Cρ Weight K Cρ Weight K Cρ 
3712 2.294 1.711 3679.1 2.250 1.682 3916.1 2.371 1.691 3924 2.124 1.491 
3706 2.383 1.768 3630.2 2.247 1.740 3908.7 2.329 1.661 3916.4 2.095 1.551 
3709.4 2.330 1.747 3638.5 2.242 1.718 3905.9 2.311 1.649 3911.8 2.111 1.540 
3708.2 2.332 1.733 3634.5 2.243 1.680 3904.1 2.317 1.627 3909 1.958 1.453 
3706.2 2.292 1.708 3630.8 2.190 1.630 3899.9 2.293 1.628 3902.6 1.971 1.520 
3705.2 2.329 1.704 3629.1 2.192 1.603 3898.5 2.259 1.613 3901.2 1.950 1.510 
3704.2 2.357 1.778 3627.2 2.217 1.710 3897.2 2.290 1.612 3899.6 1.900 1.452 
3703.2 2.302 1.804 3626 2.174 1.731 3896.1 2.227 1.538 3897.7 1.918 1.410 
3698 2.244 1.372 3620.2 2.116 1.573 3895.5 2.255 1.605 3897 1.964 1.479 
3701.4 2.161 1.541 3623.3 2.130 1.610 3894.7 2.215 1.598 3895.1 1.956 1.530 
3700.3 2.283 1.700 3621.5 2.113 1.588 3882.1 2.074 1.520 3880.6 1.790 1.505 
3698.7 2.222 1.725 3618.8 2.110 1.643 3876.2 2.094 1.584 3875.7 1.787 1.489 
3697.4 2.243 1.708 3616.5 2.107 1.580 3874.2 2.105 1.622 3872.1 1.733 1.540 
3695.8 2.197 1.640 3614.3 2.084 1.609 3871.7 2.112 1.680 3867 1.729 1.516 
3694.9 2.201 1.654 3612.3 2.052 1.576 3866.3 1.942 1.504 3864.6 1.736 1.560 
3692.7 2.193 1.597 3608.2 2.043 1.540 3863.5 2.011 1.571 3861.7 1.723 1.460 
3692.1 2.242 1.710 3607.4 2.038 1.592 3861.5 2.030 1.565 3859.6 1.692 1.484 
3691.1 2.146 1.560 3605.6 1.984 1.524 3859.3 1.977 1.570 3857 1.677 1.510 
3690.7 2.152 1.642 3604.6 1.994 1.554 3858 1.982 1.593 3855.2 1.760 1.166 
3689.5 2.185 1.655 3604 2.030 1.585 3854.6 1.960 1.550 3851.4 1.672 1.512 
3680.8 2.098 1.652 3592.4 1.954 1.676 3853.1 1.974 1.601 3850.1 1.653 1.503 
3676.5 2.083 1.702 3587.4 1.930 1.553 3851.3 1.974 1.601 3849 1.695 1.445 
3673.8 2.081 1.641 3584.2 1.922 1.645 3850.4 1.933 1.490 3847.2 1.635 1.478 
3671.8 2.140 1.718 3581 1.894 1.634 3847.7 1.922 1.542 3844.6 1.635 1.528 
3669.1 2.079 1.689 3578.1 1.860 1.612 3846.7 1.877 1.543 3843.1 1.616 1.482 
3666.8 1.979 1.489 3575.7 1.850 1.554 
      
3665.3 2.070 1.690 3573.1 1.853 1.516 
      
3663 1.996 1.624 3571 1.833 1.603 
      
3661.1 2.003 1.675 3569 1.793 1.553 
      
3659.9 2.022 1.687 3567.5 1.814 1.576 
      
3656.7 2.023 1.653 3564.3 1.762 1.558 
      
3655.4 2.008 1.665 3562.8 1.778 1.508 
      
3654.1 1.958 1.533 3561.5 1.740 1.453 
      
3653 2.008 1.563 3560.1 1.760 1.415 
      
3650.6 1.967 1.634 3557.6 1.726 1.546 
      
3649.5 1.968 1.612 3556.8 1.709 1.537 
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Table C-6: Weight, Thermal Conductivity and Heat Capacity Readings of Ternary Mixes 
TI(30)-G
100
S(50)-F(20) TI(30)-G
100
S(50)-F(40) TI(50)-G
120
S(30)-C(20) TI(10)-G
100
S(50)-F(40) 
Weight K (W/m.K) Cρ(J/m3.K) Weight K Cρ Weight K Cρ Weight K Cρ 
3941.2 2.457 1.681 3913.2 2.219 1.567 3964.7 2.319 1.562 3876.4 2.194 1.547 
3933.6 2.497 1.727 3906.5 2.179 1.561 3942.3 2.206 1.507 3865.8 2.123 1.546 
3929.4 2.434 1.665 3902.1 2.173 1.589 3932 2.186 1.497 3858 2.153 1.511 
3926.9 2.425 1.647 3899.7 2.149 1.583 3926.3 2.184 1.523 3854.7 2.126 1.543 
3921 2.372 1.670 3893.5 2.103 1.573 3917.8 2.138 1.493 3844.7 1.940 1.536 
3919.6 2.404 1.668 3892.1 2.076 1.550 3915.8 2.171 1.508 3842.3 2.030 1.509 
3918.2 2.378 1.660 3890.5 2.056 1.548 3914.1 2.161 1.515 3839.7 2.012 1.535 
3917.1 2.329 1.510 3889.2 2.026 1.498 3912.3 2.091 1.452 3837.5 1.953 1.444 
3916 2.393 1.635 3888 2.042 1.538 3911.2 2.212 1.510 3836 1.931 1.499 
3914 2.411 1.661 3887 2.020 1.540 3909.1 2.130 1.472 3832.8 1.882 1.528 
3900.9 2.318 1.697 3872.1 1.880 1.544 3894.8 2.004 1.497 3817.6 1.761 1.495 
3896.5 2.272 1.660 3866.8 1.831 1.520 3889.3 2.025 1.524 3809.6 1.787 1.517 
3892.4 2.279 1.777 3863.4 1.833 1.605 3886.4 2.000 1.578 3805.7 1.750 1.536 
3890.2 2.323 1.797 3861.3 1.840 1.638 3883.6 1.992 1.603 3803 1.768 1.562 
3884.6 2.285 1.765 3858.5 1.816 1.581 3887.4 2.288 1.778 3799 1.748 1.593 
3882.3 2.240 1.629 3855 1.755 1.543 3880.6 1.979 1.522 3795.9 1.740 1.576 
3879.9 2.240 1.696 3852 1.743 1.500 3878.3 1.975 1.503 3791.9 1.714 1.526 
3878.1 2.264 1.676 3850 1.758 1.526 3876.6 1.963 1.565 3789 1.660 1.535 
3876.6 2.198 1.708 3847.4 1.708 1.538 3874.3 1.961 1.535 3786.1 1.703 1.528 
3873 2.258 1.770 3845.8 1.712 1.558 3872.5 1.980 1.537 3784.2 1.708 1.537 
3871.4 2.238 1.745 3842 1.710 1.554 3870.9 1.936 1.553 3779.4 1.688 1.523 
3870.3 2.176 1.598 3840.4 1.670 1.525 3867.9 1.930 1.513 3777.3 1.598 1.517 
3868.5 2.190 1.623 3839 1.681 1.463 3866.4 1.975 1.546 3775.4 1.573 1.468 
3866 2.170 1.693 3837.5 1.660 1.476 3865.1 1.977 1.513 3773.7 1.648 1.458 
3865.2 2.140 1.623 3835 1.648 1.512 3864.2 1.907 1.514 3770.2 1.637 1.465 
   
3834.6 1.628 1.496 3862 1.947 1.510 3768.6 1.615 1.453 
      
3860.8 1.910 1.534 
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APPENDIX – D: CHANGE IN MOISTURE, THERMAL CONDUCTIVITY 
AND HEAT CAPAPCITY OF TERNARY MIXES  
Figure D-1 and Figure D-2 show that percentage of thermal conductivity of ternary mixes 
with respect to normal concrete was lower than normal concrete. From MEPDG analysis, it was 
found that lower the thermal conductivity, higher would be the temperature difference from top 
and bottom of pavements causing temperature stresses in pavements. Hence, mixtures with least 
percentage difference from normal concrete are preferred. Figure D-3 and Figure D-4 represent 
the percentage of heat capacity of the specimen compared to normal concrete that implies 
percentage of heat stored in pavements. All the ternary mixtures are having lower heat capacities 
indicating low amounts of heat storage in pavement. 
Table D-1: Moisture Change, Thermal Conductivity Change and Heat Capacity Change within 
Ternary Mixes 
Samples MC TC% 
TC% 
(sat) 
TC% 
(dry) 
HC (sat) HC (dry) 
TI(100) 1.90 13.36 0.00 0.00 0.00 0.00 
TI(80)-C(20) 2.69 24.21 -4.75 -13.07 -3.41 -4.74 
TI(80)-F(20) 3.20 26.01 -3.16 -12.89 -16.64 -7.39 
TI(50)-G
100
S(50) 2.15 15.88 1.91 -0.31 -4.03 16.23 
TI(50)-G
120
S(50) 1.35 17.70 -0.77 -4.43 -6.51 -16.18 
TI(50)-G
100
S(30)-C(20)-SF(5) 1.34 16.61 -6.55 -9.16 -9.05 -15.67 
TI(30)-G
100
S(30)-C(40) 2.58 20.00 -3.52 -8.85 -13.25 -19.42 
TI(40)-G
100
S(30)-C(30) 1.56 25.92 -12.15 -20.92 -11.80 -17.72 
TI(50)-G
100
S(30)-C(20) 1.72 21.98 -5.54 -12.21 -11.75 -22.15 
TI(30)-G
100
S(50)-C(20) 1.57 17.00 -4.51 -7.48 -8.26 -16.44 
TI(20)-G
100
S(50)-C(30) 2.13 26.02 -8.35 -17.56 -14.68 -16.95 
TI(10)-G
100
S(50)-C(40) 3.44 31.69 -9.09 -21.74 -9.95 -21.44 
TI(50)-G
100
S(30)-F(20) 1.71 16.56 -7.30 -9.85 -8.36 -17.63 
TI(40)-G
100
S(30)-F(30) 1.80 26.34 -4.21 -14.05 -9.46 -21.12 
TI(10)-G
100
S(50)-F(40) 2.86 35.88 -11.34 -26.03 -17.18 -25.72 
TI(20)-G
100
S(50)-F(30) 2.11 31.44 -14.18 -25.98 -20.16 -24.26 
TI(30)-G
100
S(50)-F(20) 1.97 14.81 -0.73 -1.98 -10.00 -17.08 
TI(30)-G
100
S(30)-F(40) 2.05 36.28 -10.36 -25.44 -16.08 -23.54 
TI(50)-G
120
S(30)-C(20) 2.69 21.39 -6.32 -12.52 -16.35 -21.59 
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Figure D-1: Percentage Change in Thermal Conductivity at Saturated Condition wrt Normal 
Concrete Specimen 
 
Figure D-2: Percentage Change in Thermal Conductivity at Dry Condition wrt Normal Concrete 
Specimen 
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Figure D-3: Percentage Change in Heat Capacity at Saturated Condition wrt Normal Concrete 
Specimen 
 
Figure D-4: Percentage Change in Heat Capacity at Dry Condition wrt Normal Concrete 
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APPENDIX – E: MODELING OF EICM (STEP BY STEP PROCEDURE) 
Thermal conductivity predicting model is further used to estimate the change in thermal 
conductivity for moisture changes, as predicted from EICM, and then thermal conductivity of 
concrete is estimated. This estimated value of thermal conductivity is analyzed and again run in 
EICM to accurately estimate the moisture content in pavements for predicted thermal 
conductivity. This process is run several times as a loop, until balance in thermal conductivity is 
achieved. These EICM readings are used in MEPDG for calculating the effect of cracking, 
faulting and IRI.  
This section discusses the working procedure of the stand-alone EICM 3.4 version, given 
by ARA associates, who are developers of the EICM. A detailed procedure to simulate the model 
is explained below: 
Step 1: An EICM file is created and named in this step. The file name is typed in the analog box. 
The year to be modeled, month, number of years to be considered, and number of hours of 
periodic data to be considered for estimating the temperatures in a selected region of specific 
pavement are selected as listed in Figure E-1 
Step 2: Climatic data input, in this step the hourly climatic data of selected site are provided as 
input data. This input data is acquired from the long-term pavement performance website or the 
.hcd file collected from MEPDG database. These are collected as input for the climatic details. 
Step 3: Thermal properties, in this step, the surface short-wave absorptivity is given to predict 
the heat flow in the pavement. The outer- most freezing ranges are also included in this step.  
Step 4: Base Course Moisture model. In this step, the method to predict the moisture index in the 
base layers is used. 
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Figure E-1: Step 1 
 
 
Figure E-2: Step 2 
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Figure E-3: Step 3 
 
 
Figure E-4: Step 4 
Step 5: Information on each pavement layer is input by selecting Add layer under the Edit 
Command. A graphical user interface (GUI) with two list boxes is displayed for adding layers to 
pavement sections. The left list box is used to add a layer beneath the selected layer. The right list 
box is used for selecting the material type. The material type options available are asphalt (AC), 
PCC, stabilized and the twelve AASHTO soil classifications.  
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Figure E-5: Step 5 
Step 6: Data from the pavement material properties dialog box is used to compute the 
overburden pressure under the pavement and include thermal properties of the pavement. 
 
Figure E-6: Step 6 
Step 7: The unbound material properties dialog box inputs are used by the EICM to model the 
movement of moisture in the base course material and the subgrade soil. Figure E-7, Figure E-8, 
Figure E-9, and Figure E-10 represent the different layers considered for modeling. Figure E-10 
represents the sieve analysis details needed to be incorporated separately for every unbound 
material layer to determine the permeability function of that layer.  
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Figure E-7: Soil Cement Unbound Layer 
 
Figure E-8: Soil Treated Unbound Layer 
 
Figure E-9: Soil Layer (Sub-base) 
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Figure E-10: Sieve Analysis Data for Permeability Function 
Step 8: The initial temperature and water content profile dialog box enables the user to control the 
output depths and to input the initial temperature, but not the initial moisture content profiles at this 
time. Sample input data is shown in figure xx. After the initial temperature profile is input, the user 
can then have the EICM generate temperatures at nodes where no data is available by interpolation. 
 
Figure E-11: Initial Temperature and Water Content Profiles 
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Figure E-12: Model Developed in EICM. 
EICM and MEPDG programs used default values of thermal conductivity and heat 
capacity for different materials. But the actual measured values on thermal conductivity and heat 
capacity are higher compared to the default values mentioned in MEPDG. Hence, measured 
values of thermal conductivity and heat capacity are used in EICM model to understand the 
change in moisture and temperatures gradients in PCC pavements. Further, these test results are 
used in MEPDG level 1 analysis to estimate the effect of thermal conductivity and heat capacity 
on long-term performance of PCC pavements. 
For the second pavement model, data was extracted from weather website for every hour 
from 13
th
 July to 2
nd
 September, 2010 and converted into excel data. The data had to be 
converted from text format to number format and the units were removed from the raw data. For 
sunshine parameter of EICM, cloud conditions are considered i.e. assumptions are made such as 
clear clouds = 100%, scattered clouds = 90%, partly cloudy = 50%, mostly cloudy = 25% and 
during precipitation = 0% sunshine. The data was imported into EICM, missing data was 
interpolated and model was calibrated based on that data.  
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Table E-1: Website Data Converted to EICM Data 
 
  
Date Time  Temperature Humidity   Wind  
Speed Precipitation   Conditions Temp Humidity Precip Sunshine 
Wind  
Speed 
7/13/2010 12:53 AM  82.0 °F   79% 12.7 mph   N/A   Clear  82.0 79 0 100 12.7 
1:53 AM 81.0 °F  82% 6.9 mph  N/A  Clear 81.0  82 0 100 6.9  
2:53 AM 81.0 °F  82% 9.2 mph  N/A  Clear 81.0  82 0 100 9.2  
3:53 AM 80.1 °F  85% 10.4 mph  N/A  Clear 80.1  85 0 100 10.4 
4:53 AM 80.1 °F  85% 12.7 mph  N/A  Scattered Clouds 80.1  85 0 90 12.7 
5:53 AM 79.0 °F  88% 10.4 mph  N/A  Scattered Clouds 79.0  88 0 90 10.4 
6:53 AM 79.0 °F  88% 9.2 mph  N/A  Partly Cloudy 79.0  88 0 50 9.2  
7:53 AM 82.0 °F  79% 8.1 mph  N/A  Partly Cloudy 82.0  79 0 50 8.1  
8:53 AM 84.0 °F  74% 9.2 mph  N/A  Scattered Clouds 84.0  74 0 90 9.2  
9:53 AM 84.9 °F  72% 10.4 mph  N/A  Mostly Cloudy 84.9  72 0 25 10.4 
10:53 AM 88.0 °F  63% 11.5 mph  N/A  Scattered Clouds 88.0  63 0 90 11.5 
11:53 AM 89.1 °F  59% 9.2 mph  N/A  Scattered Clouds 89.1  59 0 90 9.2  
12:53 PM 90.0 °F  55% 11.5 mph  N/A  Scattered Clouds 90.0  55 0 90 11.5 
1:53 PM 91.0 °F  53% 10.4 mph  N/A  Scattered Clouds 91.0  53 0 90 10.4 
2:53 PM 91.0 °F  53% 11.5 mph  N/A  Scattered Clouds 91.0  53 0 90 11.5 
3:53 PM 91.0 °F  52% 10.4 mph  N/A  Scattered Clouds 91.0  52 0 90 10.4 
4:53 PM 91.9 °F  55% 6.9 mph  N/A  Scattered Clouds 91.9  55 0 90 6.9  
5:53 PM 91.0 °F  55% 8.1 mph  N/A  Scattered Clouds 91.0  55 0 90 8.1  
6:53 PM 89.1 °F  59% 12.7 mph  N/A  Partly Cloudy 89.1  59 0 50 12.7 
7:53 PM 86.0 °F  65% 12.7 mph  N/A  Scattered Clouds 86.0  65 0 90 12.7 
8:53 PM 84.0 °F  67% 9.2 mph  N/A  Scattered Clouds 84.0  67 0 90 9.2  
9:53 PM 82.9 °F  72% 8.1 mph  N/A  Partly Cloudy 82.9  72 0 50 8.1  
10:53 PM 82.0 °F  74% 10.4 mph  N/A  Clear 82.0  74 0 100 10.4 
11:53 PM 81.0 °F  77% 8.1 mph  N/A  Clear 81.0  77 0 100 8.1  
7/14/2010 12:53 AM  80.1 °F   81%  8.1 mph   N/A   Partly Cloudy  80.1 81 0 50  8.1 
1:53 AM 80.1 °F  81% 8.1 mph  N/A  Clear 80.1  81 0 100 8.1  
2:53 AM 79.0 °F  84% 6.9 mph  N/A  Partly Cloudy 79.0  84 0 50 6.9  
3:53 AM 78.1 °F  87% 5.8 mph  N/A  Partly Cloudy 78.1  87 0 50 5.8  
4:53 AM 77.0 °F  88% 4.6 mph  N/A  Partly Cloudy 77.0  88 0 50 4.6  
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APPENDIX – F: TEMPERATURE PROFILES IN PAVEMENT FROM 
EICM AND I-BUTTON 
 
 
Figure F-1: Hourly Temperature Gradients from EICM 
 
Figure F-2: Hourly Temperature Gradient from experiment 
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Figure F-3: Hourly Temperature Gradients from EICM 
 
Figure F-4: Hourly Temperature Gradient from experiment 
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Figure F-5: Hourly Temperature Gradient from experiment 
 
Figure F-6: Hourly Temperature Gradient from EICM 
0
2
4
6
8
10
12
78 80 82 84 86 88 90 92 94 96
D
ep
th
 (
in
)
Temperature (ºF)
8/5/10 12:00 AM
8/5/10 1:00 AM
8/5/10 2:00 AM
8/5/10 3:00 AM
8/5/10 4:00 AM
8/5/10 5:00 AM
8/5/10 6:00 AM
8/5/10 7:00 AM
8/5/10 8:00 AM
8/5/10 9:00 AM
8/5/10 10:00 AM
8/5/10 11:00 AM
0
2
4
6
8
10
12
14
72 74 76 78 80 82 84 86
D
e
p
th
 (
in
)
Temperature (ºF) 
8/5/10 12:00 AM
8/5/10 1:00 AM
8/5/10 2:00 AM
8/5/10 3:00 AM
8/5/10 4:00 AM
8/5/10 5:00 AM
8/5/10 6:00 AM
8/5/10 7:00 AM
8/5/10 8:00 AM
8/5/10 9:00 AM
8/5/10 10:00 AM
8/5/10 11:00 AM
103 
 
Figure F-7: Hourly Temperature Gradient from experiment 
 
 
Figure F-8: Hourly Temperature Gradient from EICM 
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Figure F-9: Hourly Temperature Gradient from experiment 
 
Figure F-10: Hourly Temperature Gradient from EICM 
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Figure F-11: Hourly Temperature Gradient from experiment 
 
Figure F-12: Hourly Temperature Gradient from EICM 
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